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Figure 2-1. Elements of a Freeway Management System.

2.1 INTRODUCTION

Management of the freeway system has
become increasingly popular as a tool for
combating congestion problems in urban
areas. A freeway management system is a
collection of strategies, personnel, and
technologies combined together to
accomplish the following:

To promote the efficient and effective
movement of people and goods, to improve
the safety of the traveling public, and to
improve the environment by reducing both
the duration and extent of recurring and
nonrecurring congestion on the freeway
system.

A freaway management system includes one
or more subsystems to accomplish the
following tasks:

Monitoring operations of the freeways
and detecting sources of recurring and
non-recurring congestion.

Controlling use of existing lanes and
shoulders to maximize the use of the
existing pavement within the freeway
right-of-way.

Managing the amount of traffic that
enters and exits the freeways via the
ramps.

Providing priority treatment of high-
occupancy vehicles within the freeway.

Disseminating both pre-trip and en route
information to travelers so that they can
make informed mode, route, and
departure time decisions.

Restoring the freeway to full capacity as
quickly as possible after an incident.
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Regardless of the size of the freeway system
or the level of sophistication and extent of
the existing freeway management system, a
systems engineering approach to planning
and desgning afreeway management system
should be followed. A systems engineering
approach is an iterative process whereby
operationa problems are identified, system
concepts and objectives are established,
potential solutions are developed and
evauated, new solutions are identified, and
system objectives are redefined. The
approach is gpplied throughout the entire life
cycle of the system (planning, design,
operations, and maintenance), with the level
of detail being progressively refined. The
same systems engineering process can be
used in each of the following applications:

» Panning and implementing a new system
where no current freeway management
system exists.

» Modifying an existing system to add new
freeway management functions.

» Upgrading the technology in an existing
freeway management system to current
standards.

MODULE OBJECTIVES
The objectives of thismodule are as follows:

» Describe the systems engineering
approach to planning and designing a
freeway management system.

e Present techniques for quantifying
operational problems and measuring
performance of a freeway management
system.

» Highlight some of the special issues that
need to be considered in planning,
designing, operating, and maintaining a
freeway management system.

MODULE SCOPE

This module describes a systems engineering
process for planning and designing a
freeway management system. It highlights
some of the major issues and decisions that
planners and designers must address when
developing a freeway management system.
It also illustrates how decisions made during
the planning and design phase affect the
operations and maintenance of the system
and how operational and maintenance issues
can be addressed during the planning and
design phases.

2.2 DESIGN PROCESS

A systems engineering approach examines
how various tasks, components, and
operational strategies can be combined to
form aworking and coherent unit to address
specific goals, objectives, and user needs.®
With the systems engineering approach, the
components of the system are viewed as an
entity rather than as an assembly of
individual parts.

Figure 2-2 illustrates the stepsinvolved in a
typical systems engineering analysis. These
same steps can be used to complete a
systems engineering analyss, whatever the
size of the system being designed and
evaluated. The same process can be used to
desgn an entire freeway management
system, individuad components of the system,
or individua €eements within each
component: what varies is how much detail
is used in the analysis and the data required
to complete the anaysis.

Also note that the processisiterative. After
defining the problem, those interna and
external organizations and agencies that
must be brought on board if the systemisto
be effective can beidentified. In cooperation
with these organizations and agencies,
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Figure 2-2. Steps Performed in a Typical Systems Engineering Analysis.

system goals and objectives can be identified
and performance criteria established.
Functiona requirements can then be defined
to meet the specified goals and objectives.
Once the functional requirements have been
identified, the system architecture can be
defined, and technologies can be identified
and screened. The process of defining
functional requirements, defining system
architecture, and identifying and screening
technologiesisreiterated at increased levels
of detall until system plans and specifications
can be prepared. Once the final design of
the system is complete, the process of

deploying the system can be planned. Using
this plan, individud projects can be identified
that will lead to the full deployment of the
system. Once individual projects have been
ingaled, the performance of the system can
then be evaluated. This evauation may lead
to new operationad problems being
identified, whereby the systems anayss
process can be used to identify new
improvements to the system. Each stepin
a typical systems engineering analysis is
discussed in the sections below.
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A similar process was used to develop the
National Intelligent Transportation System
(ITS) Architecture. That processis shown
infigure 2-3.@ It isbeyond the scope of this
handbook to provide a detailed treatment of
the National I TS Architecture development.
The Architecture was being developed
during the same time this handbook was
prepared and, as of this date, has not been
findized. The reader isreferred to numerous
Nationa ITS Architecture documents
developed wunder a Department of
Transportation contract with Loral Federa
Systems and Rockwell Internationa. In
particular, the National ITS Architecture
Implementation Strategy is of benefit
because it summarizes many of the previous
efforts and provides broad guidance in
implementing not only freeway systems, but
also other related systems.®

The Nationa ITS Architecture approach
began in 1993 with a concept of “user
services’ rather than specific hardware
items or techniqgues to support the
development of the architecture. The
Nationa Architecture work enhanced the
user services concept by defining “market
packages’ that provide groupings of
technologies and techniques to satisfy those
user sarvices. Reference is made to table
2.2-2 (page 2-29) in the Implementation
Strategy document for a relationship of
market packages to various services.
Succeeding discussions in this module will
refer the reader to the appropriate sections
of the Implementation Strategy where
appropriate. @

DEFINE PROBLEMS

The first step in the systems engineering
approach is to adequately and properly
define and quantify the problems to be
addressed by the freeway management
system. Properly defining the problems to
be addressed by a freeway management

system directly leads to the identification of
the subsystems that can address those
problems.

Establish
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Build Coadlition

Define Problems
and

o
Y

| Eeblish User Service Objectives |

Sysem

Short

User Service Plan
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Performance Criteria
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Adﬁd from Reference (3)
Figure 2-3. Systems Engineering
Process Used to Develop National ITS
Architecture. @

Severd methods are available for quantifying
the magnitude of the operational problems
that can be potentiadly addressed by a
freeway management system. Traditiona
analytical techniques that can be used to
quantify operational problems in a freeway
network include the following:

» Capacity and level of service anadysis.

* Bottleneck analysis.
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* Queuing analysis.
» Travel time and delay studies.
» Computer simulation modeling.

* Crash history analyses.

Origin/destination studies.

The mgjor tools available for conducting
operational analyses of the freeways are
discussed in Section 2.3 below.

The importance of coordinating with other
transportation-related agencies to identify
problems to be addressed should not be
overlooked. For example, long-range transit
plans can provide an indication of when
high-occupancy vehicle fecilities may be
needed in the freeway system. Input from
commercia industries can also be valuable in
identifying specific areas of concerns or
needs. Finally, and perhaps most
importantly, input from local elected officials
can aso provide insight into the public’'s
perception of problems with the roadway
system.

Most of the techniques above help identify
existing operational problems; however, in
planning afreaway management system, it is
important to consider the location and type
of operationa problems that might occur in
the future. Potential sources of information
that could be used to identify future
operational problems include the following:

* Regiona transportation and land use
planning studies.

» Siteimpact analyses.
* Air quality assessments.

In addition to quantifying existing and future
operational problems, another critical

element in defining the problems that exist is
to obtain an accurate and complete inventory
of the entire existing transportation system.
This inventory should include both physical
and organizational components. Examples
of physical components that should be
identified in the inventory include the
following:

* Roadway network.

 Exigting surveillance and control
systems.

* Existing information dissemination
systems.

In addition to the existing physical e ements
in asystem, how the system is envisioned to
operate can also influence the design of the
system.  Examples of the operationd
components that might influence the design
of a traffic management system and, thus,
must be identified in an inventory include the
following:

» Operating agencies.
* Funding sources.
» Political and agency jurisdictions.

ESTABLISH INSTITUTIONAL
FRAMEWORKS AND BUILD
COALITIONS

The most critica step in implementing a
successful freeway management system isto
build critical codlitions and ingtitutiond
frameworks. Institutional frameworks and
coalitions need to be established at the
beginning of the planning and design
process. These codlitions and institutiona
frameworks need to be established at three
levels: between agencies (inter-agency),
within agencies (intra-agency), and with
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other stakeholders (including the private
sector) affected by traffic operations.

Traffic congestion is not restricted by
jurisdictional boundaries. When one part of
the transportation system (e.g., the freeway
network) is not functioning properly, it
affects the operations of other parts of the
system (e.g., the surface streets, the high-
occupancy vehicles lanes, etc.). Therefore,
there is a strong need to develop good
working relationships and build coalitions
among agencies responsible for managing
traffic in an area. Examples of the types of
agencies with which strong coalitions would
help in implementing a freeway management
system include the following:

* Metropolitan planning organizations
(MPOs).

* Federa, State, and local traffic and
transportation engineering agencies.

* Federd, State, and local transit agencies.

e State and locd law enforcement

agencies.
» Emergency services (fire, anbulance).
* Turnpike/ toll road authorities.
» Port authorities.

» State and local emergency management
authorities.

In addition, private sector needs should be
considered in developing a freeway
management system, and should be included
in the consensus building process. Examples
of these private sectors entities that agencies
may want to include in the consensus
building process include the following:

* Private transportation information

providers and services.
* Private transportation companies.
» Commercia delivery services.

e Interstate and intrastate commercial
trucking companies.

Cooperation and coditions within an agency
are also essential in establishing an effective
freeway management system. Often, this
type of cooperation is the hardest to obtain.
Some sections within an agency may view a
traffic management system as usurping some
of their responsibilities and power. It is
essential that al elements within an agency
(e.g., planning, administrative, construction,
design, operations, and maintenance) are
committed to constructing, operating, and
maintaining the system.

Finally, there may be others in the
community that may be important alies
when implementing freeway management
systems. Perhaps the most important of
these is the genera public. Without the
support of the general public, it will be
extremey difficult to implement a traffic
management system.  Extensive public
relations and media campaigns may be
required to show the public how a traffic
management system will directly benefit
them. Strong public support makes it easier
to secure funding and political support.
Without public support, it will be extremely
difficult to generate elected officials and
agency interest and support for freeway
management.

Other stakeholders that may be useful in
implementing traffic management systems
include the following:

* Magor traffic generators.
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» Utility companies.

» Elected officials.

* Media

» Private transportation providers.

Establishing ingtitutional frameworks and
coditions can be difficult at times. Thefirst
step in building effective coditions is to
identify “champions’ in those agencies
responsible for transportation in a
community (e.g., State highway agencies,
MPQOs, transit authorities, etc.). These
individuas are likely to be top administrative
officidsinthese organizations. Since traffic
management systems often compete with
other “traditiona” agency activities and
expenditures (e.g., pot-hole patching,
construction, etc.), the support of top
management is essentia if agency resources
are to be alocated to the operation and
maintenance of the system. If congestion is
widely recognized as a major issue in a
community, upper management support may
dready exist within many organizations and
propagate through the agencies in a “top-
down” fashion; however, if it is not, support
must be generated from the bottom up.

In addition to identifying “champions’ for
the system, it is aso important to identify
those individuas who will be critica to the
success of the systems (e.g., the public,
elected officids, mgor employers, etc.). The
support of one or more local e ected officials
can be highly effective in securing funding
for the system. Often this support is
automatic if traffic conditions have already
deteriorated or if the potential for major
traffic problems looms on the near horizon.

Another effective way of building strong
codlitions between and within agenciesisto
take advantage of ingtitutional frameworks
that already exist. Many locales have

indtitutional frameworks to address freeway
management concerns. For example, many
locations use Traffic Management Teams
and Incident Management Teams to address
problems on freeways. Often these teams
are a coalition between State and loca
transportation  agencies, and  law
enforcement personnel. These codlitions can
be expanded to encompass additiond
functions of atraffic management system.

Findly, in building effective coditions, it is
important to identify, within organizations,
key individuals who have the appropriate
level of knowledge and experience. These
individuals must have the level of authority
that is appropriate to the type and level of
respongbilities that will be performed by the
agency. In addition, it is aso important to
identify individuals who are likely to be
present throughout the entire planning and
design process for a traffic management
system. A common thread among past
successful  transportation  management
systems s that key personnel committed to
the system have remained with the agencies
throughout the planning, implementation,
and ongoing operation of the system.

ESTABLISH SYSTEM GOALS AND
OBJECTIVES

Once coalitions have been formed, agencies
should work together to define the goals and
objectives of the system. The system goals
and objectives should describe what it isthe
system is supposed to accomplish. The
goals and objectives should be directly
related to the specific problems to be
addressed by the system. Typica system
goas include the following:

* Optimize the utilization of capacity on
the freeway.

* Maintain an acceptable level of service
of the freeway.
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* Provide a balance between demand and
capacity in afreeway corridor.

* Providefor the rapid detection, response
to, and clearance of freeway incidents.

e Reduce the number of vehicle crashes on
the system.

* Improve vehicle operating costs, fuel
consumption, and air quality by reducing
the amount of travel delay on the
freeway system.

Generally, system goals are used to define
the long-range vision of the system. System
godsdso tend to be broad in scope. System
objectives, on the other hand, define the
level of performance that is expected to be
obtained in the future. As such, system
objectives are measurable. Often, more than
one system objective is required to fulfill a
system goa. Likewise, more than one
system goal may be required to address an
identified problem in a system.

Figure 2-4 provides an example of a system
god and objectives devel oped to address the
problems of incidents in a system. Note that
while the defined problems and system goals
are broad in nature, the objectives of the
system are specific and measurable. Also
note that more than one objective is required
to fulfill the goa of the system.

It is aso important to note that system
objectives are defined in terms of what
sarvices and functions a system is to provide
— not in terms of technology. Noticein the
example that no mention is made of the type
of technology that will be employed to
achieve a 2-minute detection time. Focusing
on what the system isto achieve, instead of
on how it isto achieveit, gives the designers
flexibility in the way that they can combine
components to build a system to achieve a
desired outcome.

The Nationa ITS Architecture
Implementation Strategy provides a good
overview of the connection between
problems, solutions, and the Nationd
Architecture.” The approach identifies
traditiona problems (e.g., traffic congestion)
and a solution in teems of both a
conventional approach (e.g., roadway
construction) and an advanced systems
approach (e.g., computer traffic control),
and links them to ITS marketing packages.
The reader is referred to that document for
problems and solutions in the context of the
Nationa ITS Architecture.

ESTABLISH PERFORMANCE
CRITERIA

After establishing the system goals, the next
step in the systems engineering approach is
to establish the criteria for judging the
performance of the system or subsystem.
The performance criteria are used to
determine whether the objectives of the
system are being achieved. The criteria
include both qualitative and quantitative
measures of performance for the system.
They also form the basis for evaluating the
design and operations of the system. The
criteria used to measure the performance of
the system should correspond directly to the
objectives of the system. Examples of the
type of criteria that are commonly used to
evaluate the effectiveness of freeway
management systems include the following:®

» Changesin congestion levels and travel
patterns.

» Changesin system operation costs, both
to the user and to the system operator.

» Changesin other measures that effect the
overall community (e.g., reduction in
crash frequencies, vehicle emissions, and
increased transit usage).
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Identified Problem
® Incidents are the primary source of congestion on freeway

System Goal
® Reduce the impacts of incidents

System Objectives
® Detect al maor incidents within 2 minutes of occurrence
® Reduce the timeto clear an incident from the freeway by 5 minutes

Figure 2-4. Example of System Goal and Objectives to Address an Identified Problem.

* Improved accessihility as evidenced by * Reduction in the duration of periods of
decreased delays, increased economic congestion.
activity, and reduced travel time for
commuters  benefiting from HOV * Reduction in the number of congested
improvements. freeway segments or length of

congestion on a freeway section.
* Changes in vehicular demands on

congested facilities. e Improvements in throughput in a
corridor.

In selecting criteriafor evaluating the system
performance, the measures of effectiveness * Reduction in vehicular demands in a
must reflect the goals and desires of the corridor.
community, and must be important and
understandable to local elected officias, * Improvementsin network speed.
administrators, citizens, and other affected
groups.® Table 2-1 lists some of the criteria « Improvements in the consistency of
that should be used in developing and travel times on individual trips.
selecting measures to evauate the
performance of a freeway management * Reduction in the number of single-
system. Common measures used to evaluate occupant vehiclesin the freeway system.
the effectiveness of freeway management
systems include the following: * Improvements in the response and

clearance times of freeway incidents.
* Reduction in total travel time.
* Improvementsin air quality.
* Reduction in individua and overall

delays. The Nationa ITS Architecture
Implementation Strategy considers benefits
* Reduction in crash frequencies and rates. in the context of market packages, where

the benefits are likely to occur, and where
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Table 2-1. Criteria for Developing Measures of Effectiveness (MOEs). @

. Relevancy to Objectives

Each MOE should have aclear and
specific relationship to transportation
objectives to assure the ability to explain
changesin the condition of the
transportation system

. Simple and Understandable

Within the congtraints of required
precision and accuracy, each MOE should
prove ssimple in application and
interpretation

. Quantitative

Specify MOEsin numerical terms
whenever possible

. Measurable

Each MOE should be suitable for
application in pre-implementation
simulation and evaluation (i.e., have well-
defined mathematical properties and be
easily modeled) and in post-
implementation monitoring (i.e., require
simple direct field measurement
attainable within reasonable time, cost,
and staffing budgets)

. Broadly Applicable

Use MOEs applicable to many different
types of strategies whenever possible

. Responsive
Specify each MOE to reflect impacts on
various groups, taking into account, as
appropriate, geographic areaand time
period of application and influence

. Sensitive

Each MOE should discriminate between
relatively small changesin the nature or
implementation of a control strategy

. Not Redundant
Each MOE should avoid measuring an
impact sufficiently measured by other
MOEs

. Appropriately Detailed

MOEs should be formulated at the proper
level of detail for the analysis

the benefits may accrue® The reader is
referred to that document for a more
detailed treatment of the approach as related
to freeway systems, in particular tables 4.2.3,
4.2.4, and 4.2.5 (pp 4-17 and 4-18.)

DEFINE FUNCTIONAL
REQUIREMENTS

The next step in the systems engineering
approach in designing a system is to define
al of the features or activities (commonly
caled functions) of the system that are
necessarty to achieve the identified
objectives. The system functions need to be

described, at least initially, independent of
the technology or architecture to be
employed in the system. In other words, this
step focuses on describing what it is the
system will be designed to do, not how the
system will be doing it.

The functional requirements needed to
achieve a system objective can often be
outlined in hierarchial order. For example,
the functional requirements of an incident
management program might be described as
shown in table 2-2. Note that each of the
functional requirements defines an action or
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activity that isto be performed by the system
and that is independent of technology.

DEFINE FUNCTIONAL
RELATIONSHIPS, DATA
REQUIREMENTS, AND
INFORMATION FLOWS

After defining what the system is supposed
to accomplish, the next step in the systems
approach is to define the functiona
relationships, data requirments, and
information flows of the system. This
provides a framework within which the
system carries out the functions required to
support the desired objectives. It describes
the system elements and their relationship to
one another.

The functional reationships, data
requirements, and information flows of many
freeway management systems in operation
today have evolved as new functions were
added to the system. However, there are
red benefits to be achieved in planning how
systems relate to one another in advance,
even if the system will not be fully
implemented immediately. Planning these
relationships minimizes the number of
redundant functions and efforts performed
by the system. It aso promotes the efficient
use of equipment, staff, and resources. A
well-planned system permits easy expansion
and modernization of the system in the
future. How the functions relate to one
another aso facilitates the sharing of
information between jurisdictions, and leads
to cost savings throughout the design,
implementation, and operation of the system.

The design or architecture of a system
consists of three elements. the functional
requirements, the logica design, and the
physica design. As discussed above, the
functional requirements define what the
system is supposed to do. Thelogical design
identifies what information flows between

the functions. The physical design identifies
where functions occur and who is
responsible for performing each function.
The physical design permits like functions to
be grouped into subsystems.

It is extremely important when defining the
design of the system that it remain as open
as possible. An “open” design is a system
that has been designed with standard data
interfaces so that equipment from multiple
vendors can be used throughout the system.
In addition, an open design helps to keep the
system from becoming obsolete, because
new functions and technologies can be easily
added as they became avalable.
Furthermore, an open design will make
systems being developed today compatible
with the National ITS Architecture as it
emerges.

IDENTIFY AND SCREEN
TECHNOLOGIES

Once the system functional relatioships, data
requirements, and information flows have
been defined, the next step in the systems
engineering process is to identify aternative
technologies whose performance and
reliability meet the defined functiona
requirements. Methods for estimating the
benefits derived by implementing a particular
technology or system component include the
following:

» Capacity and level of service analyses.

» Bottleneck and queuing analyses.

*  Computer smulation.

» Field measurements.

In addition, evaluation studies from other

systems, promotional documents from
vendors, and demonstrations from

2-13



Manual TABLE OF CONTENTS Module 2. TABLE OF CONTENTS

Table 2-2. Example of Functional Requirements of an Incident Management System.

4 Detect incidents
® |dentify location of incident
® |dentify impacts of incident
® |dentify characterigtics of incident
4 Formulate response actions
® |dentify necessary emergency vehicle response
® Sdlect incident information for dissemination to travelers
® |dentify traffic control strategies
4 Initiate and monitor response
® Provide response procedures to agencies
- Implement emergency vehicle response
- Provideincident information to travelers
- Implement traffic control strategies
® Monitor response
- Arrival emergency vehicles
- Implementation of traffic control
- Clearance of incidents
- Clearance of congestion

manufacturers are excellent sources of of each alternative technology. When

information on the state-of-the-art of specific examining the life-cycle costs of each

technologies. Site visitsto existing systems technology, the engineer should consider the

that use specific types of technologies can following costs:

aso be an excdlent tool for evauating

various technologies. * The costs associated with procuring,

ingtalling, and constructing each

The interaction between aternative alternative technology.

technologies and other elements within the

systlem should be considered when * The costs associated with operating and

evaluating different technologies. How the maintaining each aternative technology

systems work together and what functions within the overall system.

they perform can greatly influence how

different technologies perform in a system. » Thecosts associated with replacing each

The impacts of different technologies on the technology at the end of itslife.

physical configuration of the system and on

the performance of other technologies and » The costs associated with expanding the

components in the system should also be system, given that each dternative

consdered. The expandability and flexibility technology has been implemented.

of the technologies should aso be

considered. Operation and maintenance are aso
important factors that must be considered

Cost is another factor that should be when evaluating different technologies for

considered when identifying and screening use in a management system. Often, each

different technologies. The designers should technology requires unique operating and

congder the life-cycle costs (see Module 11) maintenance activities. The resource

2-14



Manual TABLE OF CONTENTS

Module 2. TABLE OF CONTENTS

requirements, in terms of the number and
qgudifications of the personnel, the
equipment and facility needs, and the
operating and maintenance costs, should be
factored into the evaluation. In evaluating
gystem aternatives, the following operations
and maintenance requirements should be
considered:®

* An assessment of the existing operation
and maintenance capabilitiesin terms of
personnel, skills, and equipment.

* A determination of the necessary skills
and work load impact of each system
aternative.

* A comparison of the existing conditions
with what is required for the successful
operation and maintenance of the
various alternatives.

* An anaysis of the operational and
maintenance deficiencies that exist with
each system dternative.

e An assessment of the feasbility of
providing additional operational and
maintenance capabilities to address the
identified deficiencies.

The process of identifying and screening
different technologies for incluson in a
gysem is often iterative. There are multiple
ways that different technologies can be
combined to achieve an objective. Because
how different technologies interact with one
another can affect system performance, each
combination must be evaluated in an iterative
fashion.

DEVELOP IMPLEMENTATION
PLAN

After the technologies that will be used in
the system have been selected, the next step
in the process is to develop a plan for

implementing  the  system. The
implementation plan documents the results
of the previous steps and identifies how the
system will be implemented in the field. At
a minimum, an implementation plan should
include the following e ements:

* A description of the transportation
system problems and opportunities to be
addressed by the system.

» Theinditutiona arrangements (i.e., who,
what, when, where, why, and how)
needed to make the system work.

* The goas and objectives of the system
(i.e., what the system will be expected to
do).

e The functional requirements and
architecture of the entire system.

» Thetechnology options to be used in the
system.

The implementation plan should also assess
the phasing, procurement, and funding
options available for implementing the
system.

The purpose of an implementation planis “to
ensure that the system is designed, built,
operated, and maintained so that it
accomplishes its purpose in the most
efficient manner possible, considering
performance, cost, and schedule” An
implementation plan is required when either
anew traffic control system or an expansion
of an existing system uses Federal funds.
Because it completely describes how the
system is going to be designed, operated,
and maintained, it is highly recommended
that an implementation plan be developed as
well for those systems that do not use
Federal funds. Figure 2-5 lists the elements
of atypical implementation plan.©
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The National ITS Architecture
Implementation Strategy provides guidance
for mgor traffic management design options
in the context of its market packages.® The
reader is referred to Section 4.5 of that
document in particular tables 4.5.2 and 4.5.3
(pp. 4-59 to 4-63) for the National ITS
Architecture approach to implementation.

DEPLOY PROJECTS

There are a number of approaches that are
commonly used by agencies to deploy
individua projects or systems. The more
common types of procurement approaches
include the following:©

» Sole-source.

» Engineer/contractor.
*  Two-step approach.
*  System management.
* Design-build.

With a sole-source project, a contract is
awarded to a named supplier without any
competition for the project. This type of
procurement approach typically involves a
standard off-the-shelf product that can be
made only by one manufacturer. Such an
approach should be used only if it can be
justified to be more cost-effective than a
competitive low-bid process.

With an engineer/contractor approach, a
single contract is awarded to the lowest
responsive bidder to a specific request by the
highway agency. The contractor is then
responsible for providing a complete and
fully operational system. In designing and
deploying the system, the contractor may
elect to subcontract much of the work that is
outside the area of expertise of the
contractor. The highway agency should be

careful to specify the appropriate level of
quaifications for the prime contractor to
avoid getting a contractor who is unable to
complete the job.

A two-step procurement process helps to
eliminate some of the problems associated
with the standard engineer/contractor
approach. With a two-step procurement
approach, aformal technical prequalification
process is added to the engineer/contractor
approach. This helps ensure that the
contract team has the appropriate skills and
expertise for implementing the desired type
of system.

A systems management approach is
commonly used by many highway agencies
to implement freeway management systems.
With this approach, a system manager is
hired to perform the system design, software
development, and system integration
activities.  Separate contracts are then
prepared and awarded for implementing the
various subsystems as dictated by the design.

A design-build type of procurement
approach is another common way that
highway  agencies deploy freeway
management projects. In a design-build
gpproach, asingle entity isresponsible for all
of the work associated with deploying a
gystem. Thisincludesthe syssem design, the
contracts for and the construction of the
system components, and the integration of
the system elements. Upon completion of
the project, the designer-builder turns over
the system to the agency for operations and
maintenance. This process is often used to
fast-track projects, since it can significantly
reduce the process time. Agency
supervision is required, however, to ensure
that a satisfactory quality of product is
provided by the contractor.

Thereader isreferred to the Traffic Control
Systems Handbook and Part 655-Traffic
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Needed Legidation
System Design
»  System Designer
System Design Life
System Coverage
System Design and Operations/Maintenance Philosophies
System Architecture
Integration of Other Functions
System Components and Functions
Communication Subsystem Design Approach
Traffic Operations Center Design Features
Project Phasing/Scheduling
Design Review
Procurement Methods
Construction Management Procedures
» Division of Responsihilities
»  Scheduling and Establishing Mileposts
»  Conflict Mitigation
»  Coordination with Other Projects
System Start-up Plan
Software and System Acceptance Tests
Partial Acceptance
Documentation
Transition from Old to New Control
Operationa Support and Warranty Period
Training
Coordination with Media
Operations and Maintenance Plan
» Evaluation
- System evaluator
- Method of evaluation
- Cost of evaluation
»  Maintenance Plan
- Maintenance policies for preventative maintenance, system malfunctions, etc.
- Formal maintenance management programs
- Initial inventory of spare parts and al necessary test equipment
- Traning in providing limited maintenance to software and equipment
Institutional Arrangements
Contact Person/project Liaison Within Each Organization
Delineation of Organizational Responsibilities
Provisions for Periodic Project Updates
Utility Arrangements
Written Cooperative Agreements for Personnel-sharing, Cost-sharing, Metering, Traffic
Diversion, Etc.
Personnel and Budget Resources
Staffing Plan (including the number of persons and their functions per shift)
Contract Operations Staff Agreements (if used)
Provisions for Training New Staff
Sources of Budgetary Resources
Estimates of Annual Expenses by Category
Signatures of the Head of the Operating Agency, Head of State Highway Agency, and the FHWA
Division Administrator (or their designates)

v v v v v v v v v v

v v v v v v v

v v v v v

v v v v v v

Figure 2-5. Elements of a Typical Implementation Plan.
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Operations, Subchapter G-Engineering and
Traffic Operationsin the Federal-Aid Policy
Guide (which has been regenerated in
Appendix A at the end of this module) for
more information on aternative procurement
strategies.®®

Staffing plays a critical role in the timing of
the implementation of the system. Sufficient
lead time must be allocated to allow system
operators to establish new postions (if
needed); develop position descriptions and
sdary classifications; recruit, hire, and train
needed personnel. The agency’s system
supervisor should be employed (i.e,
designated/hired) no later than the start of
the implementation phase of the project.
Other operations and maintenance personnel
need to be employed during system
construction so that they may receive
training providing by the contractor/system
manager, review system documentation, and
participate in system testing. If these
persons are to assist with construction
inspection, they need to be hired even
earlier.®

In addition, good preventative maintenance
begins with and depends upon proper
installation.  Proper installation requires
thorough inspection and testing of
contractors work. The system operators
and maintainers should participate in the
inspection process and during the acceptance
testing. Such involvement is an excellent
method of informal training and fosters the
acceptance of the new system by these
personnel. ©

It is essentid that al gspecified
documentation and training be obtained
during the installation phase of the system.
Submitted materias (e.g., manuals, training
course outlines, etc.) should be closely
examined to ensure that they are complete
and clear to the agency’s personnel.
Furthermore, the documentation must be

kept up-to-date throughout the entire
implementation phase to reflect any
hardware or software modifications.®

EVALUATION

Evduation is an ongoing process that occurs
at all stages of system development and
continues for the entire life of the system.
Through the evaluation process, the system
designers and operators are able to
determine how well individual projects meet
the previoudy established system objectives.
The evaluation process aso alows system
managers to identify possible enhancements
to the system. These enhancements can be
to correct operational or design problems,
expand the system either functionaly or
geographically, or incorporate additional
systems into aregiona architecture.

The most common method of evaluating the
effectiveness of a freeway management
system is Before-and-After studies. With
Before-and-After studies, the performance
of the freeway management system is
measured before the system (or subsystem)
being evaluated is implemented. The same
performance measures are then taken again
after the system has been implemented. The
effectiveness of the system is then
determined by comparing the performance of
the freeway before the system (or
subsystem) was implemented to the
performance of the freeway after the system
(or subsystem) was implemented.

Potentid limitations of the Before-and-After
approach for evaluating system performance
include the following:”

* The effects of individua improvements
are difficult to distinguish when more
than one improvement is made at atime.

» Usudly thereisalong time lag between
the “before’ condition and the “after”
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condition, which causes this approach to
be susceptible to errors caused by time-
related factors (such as changes in travel
patterns, population growths, economic
fluctuations, etc.).

e Usudly, it takes some time for the
drivers to adjust their travel behavior
after the system has been implemented,;
therefore, depending upon when the
“after” data are collected, true system
performance may not be measured.

* Some performance measures (like the
number of crashes, or demand) can
fluctuate considerably over time. There
is a tendency for these performance
measures to return to more typical
values after an extraordinary value has
been observed. Thistendency is caled
regression to the mean. It is possible
that either the “before” condition or the
“after” condition could fall at one of
these extreme vaues, thereby, hiding the
true performance of the system.

Before-and-After studies with a Control
Condition is one way of mitigating the
negative aspects of Before-and-After
studies” The concept of this evaluation
methodology isillustrated in figure 2-6.

With this approach, the before-and-after
system performance measures are compared
to the same performance measures taken
from a segment of freeway with smilar
characteristics as the first freeway, but not
affected by the operation of the system.
While this approach reduces history,
maturation, and regression to the mean
problems, it may be difficult to find a
segment of freeway not impacted by the
performance of the freeway management
system.

In evauating the effectiveness of the
components of a freeway management

system with fiedld measured data, it is
important to remember the following
considerations.®

» The impacts of many aternative
strategies are frequently small both in
absolute and in percentage terms.

» Theimpacts of specific strategies may be
confined to isolated or small geographic
areas.

* It may not be possible to accurately
estimate the specific impacts using
commonly available data and estimation
procedures.

In some limited dtuations, it may be
appropriate to use smulation models to
estimate the effectiveness of different
elements of afreeway management system.
Oftentimes, systemwide benefits of different
freeway management elements are difficult
to measure directly. In these cases,
simulation could be used as a tool to
estimate the impacts of isolated control
elements on the entire system. Furthermore,
the results of a ssimulation study should only
be consdered as estimates of the
performance of the system, since the
performance measures are often directly
influenced by the assumptions inherent in the
simulation model. Whenever smulation is
used as an evaluation tool, limited field data
should be collected to support the results of
the simulation model. As a genera rule,
simulation should never be used when the
same performance indicators can be
measured directly in the field.

Another way to illustrate the benefits of a
freeway management system is to use
anecdotal information collected from
travelers who have benefited from the
system. For example, many locations keep
records on the number of positive letters
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Figure 2-6. Conceptual Illustration of Before-and-After Evaluation with
Control Conditions.

they receive concerning their freeway service
patrols.

Also, one of the most critical parts of the
evaluation process is to document the
lessons learned during the development and
operations of the system. These lessons
provide critical information to others who
may be considering implementing a smilar
type of system. The lessons learned should
not focus solely on the problems that were
encountered during the development or
operations of the system, but also describe
the positive elements of a particular system
architecture or technology.

2.3 TECHNIQUES AND
TECHNOLOGIES

This section describes some of the measures
of  peformance, techniques, and
technologies used to identify and quantify
operational problems on freeways.

PERFORMANCE MEASURES

Congestion occurs when the amount of
traffic desiring to use a facility (demand)
exceeds the traffic-carrying capabilities of
the facility (capacity). There are two types
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of congestion: recurring and nonrecurring.
Recurring congestion occurs when normal,
everyday demand exceeds the physica
capacity of the freeway. Nonrecurring
congestion is caused either by a temporary
reduction in capacity (e.g., a crash or stalled
vehicle blocking a lane) or by a temporary
excess of demand (caused by a specia event
or other similar activity).

In planning and designing a freeway
management system, it is important to
quantify the magnitude of the congestion
problem and the amount of improvement
that can be made by implementing e ements
of a freeway management system. The
following section provides some of the more
common measures of performance used to
guantify congestion levels both from a
systemwide perspective and at isolated
locations such as bottlenecks and incident
Sites.

Systemwide

There are a number of measures that have
traditionadly been used to quantify the
performance of the freeway system, both
with and without a freeway management
sysemin place. These measures include the
following:®

Total Travel Time.

Total Travel.

Vehicle Delay.

Total Minute-Miles of Congestion.

Each of the traditional measures of system
performance is discussed below. Most of
these measures can be computed using data
routinely collected by freeway surveillance
systems.

Total Travel Time

Total Travel Time is one measure used to
quantify operational deficiency and measure
the performance of the freeway system.
Expressed in units of vehicle-hours, it isthe
product of the total number of vehicles using
the roadway during a given time multiplied
by the average travel time of the vehicles.
The equation that can be used to compute
the Total Travel Timeisasfollows:

N; X,

Vi

TTTj = Nj tt; =

where,
TTT.= Tota Travel Time over

freeway section j, in

vehicle-hours.

Number of  vehicles
traveling over freeway
section j, during time
period T.

—
—
1

Average travel time of
vehicles over freeway
section j, in hours.

Length of roadway section
J, in kilometers.

Average speed of vehicle
over freeway section, in
kilometers per hour.

The Total Traval Time, TTT, in vehicle-

hours, for al sections of a freeway can be
computed using the following equation:

K
TTT = ZTTTj
j=1

where,
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TTT = Tota Travel Time for al
sections of the freeway, in
vehicle-kilometers.

TTT, = Tota Travel Time for
section j, in vehicle
kilometers.

K= Tota number of freeway
sections.
Total Travel

Total travel is another measure commonly
used to quantify operationa problems and
measure the performance of the freeway
system. Total travel is the product of the
total number of vehicles using the freeway
during agiven time interval multiplied by the
average trip length of the vehicles. It can be
determined using the following equation:

T, = Xi N,

where,

TT,= Total Travel over freeway
section |, in vehicle-
kilometers.

Length of freeway section |
during time period T, in
kilometers.

Number of vehicles traveling
over section during time
period T.

Total Trave (TT) for al sections of freeway
can be computed using the following
eguation:

TT -

K
TTj
-1

where,

TT = Tota Trave for al sections
of the freeway, in vehicle-
kilometers.

TT,= Total travel for section j, in
vehicle-kilometers.

K= Tota number of freeway
sections.

Vehicle Delay

Vehicle delay is another common measure
used to quantify the level of performance of
the freeway system. For freeways, vehicle
delay isdefined as the increase in travel time
on a route over the free-flow travel time.
Vehicle delay can be computed by
subtracting the total free-flow travel time
from the total travel time. Total free-flow
travel timeisthe product of the total number
of vehicles using the roadway during a given
time interval multiplied by the average free-
flow travel time.

Total Minute-Miles of Congestion

Origindly developed to measure the
effectiveness of the Chicago Area Freeway
Surveillance Project, the total minute-miles
of congestion method was used to indicate
the extent of freeway congestion in both
time and space® (Minute-Miles was the
measure of performance at the time of the
study. Minute-kilometer is aso
appropriate.) To compute the total minute-
miles of congestion, each mainline detector
is assigned a section of freeway that covers
half the distance between the adjacent
mainline detectors on either side. The
minute-miles of congestion at each detector
is equal to the product of the minutes of
congestion at the detector, multiplied by the
distance, in miles, assigned to the detector.
The sum of the minute-miles of congestion
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of al detectors then would represent the
total minute-miles of congestion.

Isolated Locations

Congestion caused by incidents and
bottlenecks tends to be located at isolated
locations.  Engineers evauating these
locations are primarily concerned with the
following issues:

* What isthe cause of the congestion?

* How quickly can the congestion clear?

*  What arethe effects of the congestion on
drivers through the congested area?

* How large isthe effected area?
The types of measures that are commonly
used to quantify the impacts of congestion at
isolated locations include the following:

* Timeuntil normal flow.

* Totd vehicles delayed.

» Average delay per vehicle.

* Maximum time of queue.

*  Maximum queue length.

* Fuel consumption.

* Air pollution.
Mogt of these measures can be computed by

conducting a bottleneck/queuing analysis,
whichis discussed below.

METHODS TO QUANTIFY
OPERATIONAL PROBLEMS ON
FREEWAYS

The types of analytica methods used to
quantify the freeway operational problems
include the following:

» Capacity and Level of Service Anadysis.
* Bottleneck and Queuing Analysis.

»  Computer Simulation.

» Field Measurements.

How these methods are used to quantify
operationa problems on freeways is
discussed in more detail below.

Freeway Capacity Analysis and LOS

One of the most basic types of analysis
required for a section of freeway is a
determination of the amount of traffic-
carrying capacity that the section can
provide. Capacity is defined as the maximum
number of vehicles that can reasonably be
expected to use the facility in a given time
period under prevailing roadway, traffic, and
control conditions®® Related to this
definition is the concept of the operational
qudity or level of service (LOS) provided to
users of afacility.

Definition of Freeway Subareas for
Capacity Analysis

Freeways are composed of three types of
component subsections. These are defined
asfollows:

e Basic Freeway Segments -- These are
freeway sections that are unaffected by
either merging or diverging traffic

2-23



Manual TABLE OF CONTENTS

Module 2. TABLE OF CONTENTS

movements at nearby ramps or by
weaving movements.

* Weaving Segments -- These are freeway
sections where two or more vehicle
flows must cross each other’'s path.
Weaving areas exist where merge areas
are closdly followed by diverge aress,
and where a freeway on-ramp is
followed closely by an off-ramp and an
auxiliary laneis used to connect the two.

* Ramp Junctions -- These are freeway
sections where on- and off-ramps join
the freeway.

Figure 2-7 illustrates the various types of
freeway components. Capacity anayses
treat each one of these components with a
Separate computational procedure. After the
components have been evaluated in isolation,
the results are laid out together to assess
how the freeway operates as a system. A
system analysis perspective is particularly
important in the evauation of closely-spaced
ramp effects upon the capacity and operating
characteristics of the freeway.

Basic Freeway Segments

Definition of Ideal Freeway Capacity.
According to the 1994 edition of the
Highway Capacity Manual, the capacity of
basic freeway segments under ideal roadway,
traffic, and environmental conditions is
assumed to be 2,200 passenger cars per hour
per lane (pcphpl) on four-lane freeway
sections and 2,300 pcphpl on six-or-more
lane freeway sections.®® These capacity
values represent the maximum number of
vehicles that can reasonably be expected to
use the facility (an average over al lanes) in
a given time period under prevalling
roadway, traffic, and control conditions.
Flow rates in excess of these values can
sometimes occur in individua lanes,
particularly in inside or median lanes where

there is no influence of upstream or
downstream ramps.

Conditions that are “ideal” from a freeway
capacity perspective include the following:

e 3.6 m (12 ft) minimum lane widths.

e 1.8 m (6 ft) minimum lateral clearance
between the edge of the travel lane and
the nearest roadside or median obstacle
influencing traffic behavior.

» All passenger carsin the vehicle stream
(no trucks, buses, or recreational
vehicles).

* Motorists who are regular and familiar
users of the freeway.

Factors Affecting Capacity. Obvioudy,
conditions more restrictive than those listed
above reduce the traffic-carrying capacity of
the freeway. For example, lane widths
narrower than 3.6 m (12 ft) cause driversto
travel closer to one another laterally, and so
they adjust by increasing the distance
between themselves and the vehicle in front
of them. Roadside obstructions closer than
1.8 m (6 ft) to the roadway cause driversto
shy away from the edge of the roadway, and
they again respond by increasing the gap
between their vehicles and the vehicles they
are following. Trucks, buses, and
recreational vehicles are larger than
passenger cars and have more duggish
operating characterigtics, which create larger
gaps between them and passenger vehicles.
Finally, the characteristics of the driving
population have been shown in severd
studies to affect the capacity of a freeway
segment. Nonfamiliar users of afacility are
generally more cautious and therefore leave
more room between themselves and vehicles
they are following.
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BASIC FREEWAY SECTION

.

.
< .

Outside the Influence of Ramp or Weaving Maneuvers

WEAVING AREAS

Merge Area Followed by Diverge On-Ramp Followed by Off-Ramp
with Auxillary Lane

RAMP JUNCTIONS

: Isolated On-Ramp Isolated Off-Ramp ;

Consecutive On-Ramps Consecutive Off-Ramps

On-Ramp Followed by Off-Ramp
with No Auxillary Lane

Figure 2-7. lllustration of Freeway Components for Capacity Analysis.

Traffic operations and the capacity of basic configuration. Although the traffic-carrying
freeway segments are also affected by capecity of a basc freeway segment is
horizontal and  vertica  aignment. defined in terms of vehicular flow, density
Specifically, sharper horizontal curves and (number of vehicles per lane per kilometer
longer, steeper grades reduce the traffic- (mile)) isthe parameter used to define LOS
carrying capacity of the freeway segment. for basic freeway segments. LOS is defined

by the letters A through E, with LOS F used
Level of Service. Asindicated previously, to define breakdown, stop-and-go
the concept of LOS was introduced into conditions. Table 2-3 gives a qualitative
operational andyss as a means of description of each level of service, and the
quantifying the quality of operation density value that has been associated with
attainable under a given roadway and traffic each level.
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Weaving Areas

Definition of Weaving Area Capacity.
Weaving is defined as the crossing of two or
more traffic streams traveling in the same
generd direction along asgnificant length of
freeway. Weaving areas represent aregion
of intense lane-changing behavior and
increased traffic flow turbulence as drivers
attempt to access lanesto reach their desired
exit points from the weaving area. Many
different roadway and traffic factors can
influence operations within these areas.
Because of this complexity, the capacity of
weaving aress as estimated by proceduresin
the Highway Capacity Manual isnot defined
in terms of maximum flow rates or vehicle
dengties, but in terms of estimated operating
speeds.®®  Specificaly, calculations are
made to estimate the speeds expected of
weaving and of nonweaving vehicles. These
are then compared to tabular values to
determine the LOS being provided by that
weaving section.

Types of Weaving Areas. Because lane-
changing isthe critical operational feature of
weaving areas, weaving sections are
categorized according to the minimum
number of lane changes that must be made
by weaving vehicles.

Weaving areas are referred to as Type A,
Type B, or Type C sections. Figure 2-8
illustrates each type of weaving area.

Type A weaving areas require that each
weaving vehicle make one lane change in
order to execute the desired movement.
These areas may be ramp-weave areas
created by adjacent entrance and exit ramps
connected by an auxiliary lane, or major
weaving areas characterized by three or
more entry and exit roadways having
multiple lanes.

Type B weaving areas may also be referred
to as mgjor weaving sections if they involve
multilane entry and/or exit lanes. However,
these areas differ from Type A areasin that
one weaving movement can be accomplished
without changing lanes, whereas the other
weaving maneuver requires no more than
one lane change.

Type C weaving areas are Smilar to Type B
areas in that one weaving movement can be
made without changing lanes. The major
difference between these two types of areas
is that Type C areas require the other
weaving maneuver to make two or more
lane changes. This can be an effective
design if the second weaving flow is fairly
smal. However, it can have very adverse
effects on operations if the second flow is
large, the number of lane changes being
madeislarge, and the length of the weaving
areaisfairly short.

Operational Characteristics of Weaving
Areas. Traffic operations within weaving
aress are affected by the following geometric
features:

* Weaving length.
* Weaving area configuration.
*  Number of lanes (weaving width).

Shorter weaving lengths create greater
traffic flow turbulence as drivers are forced
to make necessary lane changes over a
limited distance. The configuration of a
weaving area influences the number of lane
changes that must be made and also the
proportion of vehicles that must make a
weaving maneuver. The number of lanes
available within the weaving area defines the
amount of space available to weaving
vehicles to make the various types of lane
changes.
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Table 2-3. Level of Service (LOS) Descriptions. ¥

Density
Level of Threshold, o
Service Status pc/km/In Description
(pc/mi/in)
Individual motorists are unaffected by the
A Free Flow 6.25 presence of othersin the traffic stream.
(20) Freedom to select desired speeds and to
maneuver within the traffic stream is high.
Freedom to select desired speedsisrelatively
10 unaffected, but there isa dight declinein the
B Stable Flow (16) freedom to maneuver within the traffic stream.
The presence of othersin the traffic stream
begins to affect individual behavior.
The behavior of individual motoristsis
significantly affected by interactions with others
15 in the traffic stream. Selection of speedis
= Stale Flow (24) affected by other vehicles and maneuvering
within the traffic stream requires vigilance by
the motorist.
Speed and freedom to maneuver are severely
High- 20 restricted, and the driver experiences a
D Density (32) generaly poor level of comfort and
Stable Flow convenience. Small increasesin traffic flow
will generally cause operational problems.
Unstable Operations are at or near capacity. Speeds are
E Capacit 23-30 lower, but relatively uniform among vehicles.
gpacity (36.7-47.9)* | Freedom to maneuver is extremely limited.
Fow .
Operations are unstable.
Forced or >23-30 Amount of traf_flc approaching a poi nt_ exceeds
the amount which can traverse the point.
F Breakdown > (36.7- . :
a Queues form and operations are characterized
Flow 47.9)
by unstable stop-and-go waves.

& Capacity occurs at different densities depending on the design speed of the freeway

If the weaving length, configuration, and
width in combination with the traffic demand
pattern permit the weaving and nonweaving
vehicles to spread out evenly across the

available lanes in the weaving section, the
operation of the weaving area is more
effective and is classified as unconstrained.
Conversaly, if the configuration and traffic
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demand limit the ability of weaving vehicles
to occupy their proportion of available lanes
to maintan balanced operations, the
operation isless effective and is classified as
constrained. Imbalanced or constrained
operations within weaving sections will
result in weaving vehicles traveling at a
lower average speed than nonweaving
vehicles. Not only will the LOS being
provided by the weaving section be lower
because of this condition, but also the
general safety of the section will be lower
because of a mixing of lower and higher
speed traffic flows.

Capacity and Level of Service for
Weaving Areas. In weaving sections,
operations are estimated to be at capacity
when estimated weaving and nonweaving
speeds are between 48 and 56 km/h (30 and
35 mph). Table 2-4 summarizes the weaving
and nonweaving speed thresholds that have
been defined for the other levels of service.
Those average speeds are based on
regression equations.

The regression constants vary according to
the weaving configuration of the section and
whether or not the weaving section
operation is unconstrained or constrained.
Both the weaving and nonweaving speeds
must satisfy the criteria specified in table 2-4
for agiven LOS. For example, the average
weaving speed must exceed 80 km/h (50
mph) and the average nonweaving speed
must exceed 90 km/h (54 mph) in order for
the weaving section to be considered as
operating at LOS B.

It is important to note that the above LOS
criteria have been established in conjunction
with the regression equations, and only
provide a mathematical procedure for
assessing the general operations at weaving
areas. Considerable variation may exist
between the estimates obtained via the

mathematical procedures and the actua
operations observed at a given weaving area.
Research continues to improve the estimates
of weaving area operations. The formulas
and thresholds presented in this chapter
should be supplemented with sound
engineering judgement and actual field data
as necessary until a better understanding and
mathematical formulation are available.

Ramp Junctions

Definition of Ramp Junction Capacity.
The points at which vehicles enter a freeway
mainlane from an on-ramp or the point at
which mainlane traffic diverges to an off-
ramp are termed freeway-ramp junctions. A
freeway-ramp junction is an area of
competing traffic demand for space.
Analyses of freeway-ramp junctions focus on
the merging and diverging behaviors
required in the outer two freeway lanes and
the acceleration or deceleration lane in the
vicinity of on- and off-ramps, respectively, as
depicted in figure 2-9. Elements such as the
length and type (e.g., taper, parallel) of
acceleration and decderation lanes, free-flow
speed of the ramp in the immediate vicinity
of the junction, and sight distances all
influence traffic operations within these
regions.

For freeway-ramp junctions, two capacity
vaues are important. The first refersto the
requirement that the capacity of the freeway
lanes (plus the off-ramp lane in the case of
diverging freeway-ramp junctions) where
vehicles exit the region of ramp influence
must not exceed the capacity of those lanes
as defined for basic freeway segments. This
value is 2,200 pcphpl for four-lane facilities
or 2,300 pcphpl for freeway facilities with
six or more lanes. The second capacity
value of interest is the freeway traffic flow
entering the ramp influence area. This
cannot exceed 4,400 pcph on four-lane

2-28



Manual TABLE OF CONTENTS Module 2. TABLE OF CONTENTS

L Type A weaving areas: (a) ramp-
weave/one-sided weave, and (b)
~— I major weave with crown line.
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Figure 2-8. Categories of Weaving Areas. *
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Table 2-4. Level-of-Service Criteria for Weaving Sections. ¢V

Level Of Service Minimum Average Weaving Minimum Average
Speed, S, Nonweaving Speed, S,,,
km/h (mph) km/h (mph)
A 90 (55) 100 (60)
B 80 (50) 90 (54)
C 70 (45) 77 (48)
D 60 (40) 67 (42)
E 50/60 (35/30) 50/60 (35/30)
F <60/50 (<35/30) <60/30(<35/30)
/<——*1 500 ft———»
MERGE INFLUENCE AREA

DIVERGE INFLUENCE AREA

On- and Off-Ramp Influence Areas

_C

Vel

) v,
{ ——>]

R

—————1500 fl—

Critical Ramp Junction Values

Figure 2-9. Influence Areas and Critical Flow Values for Freeway-Ramp Junctions. @
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facilities or 4,600 pcph on six- or more lane
facilities.

Operational Characteristics of Ramp
Influence Areas. In the merge area a an
on-ramp, individual merging vehicles from
the ramp attempting to enter the outer
freeway lane (lane 1) create turbulence in the
traffic stream in the vicinity of the ramp.
Approaching freeway vehicles therefore tend
to move towards the left to avoid this
turbulence. Asramp volumesincrease, more
and more freeway vehicles will move to the
left as long as there is available capacity to
do so. However, the interaction between
freeway and ramp vehicles in the influence
areaisquite dynamic. Although the intensity
of the ramp demand flows most generaly
affects what percentage of approaching
freeway vehicles move to the left, any
congestion that develops on the freeway
itsdlf affectsthe ability of ramp vehicles to
enter the freeway and can cause diversion of
some of the ramp traffic to other routes or
ramps in the vicinity, or excessive ramp
gueuing.

In the diverge area of an off-ramp, the basic
maneuver being performed is the separation
of asingle traffic stream into the through and
exiting movements. Since exiting vehicles
must occupy lane 1 in order to utilize the
off-ramp, they begin moving towards that
lane in the influence area. Thisin turn aso
causes through freeway vehicles to begin
moving towards the left in order to avoid the
turbulence of the diverge area.

These operationd characteristics serve as the
bass of current freeway-ramp junction
anaytica procedures included in the 1994
Highway Capacity Manual.“? Regression
equations are presented in that manua to
estimate the percentage of freeway traffic
that remains in the two lanes closest to the
ramp in the influence area. The choice of the

appropriate regression equation depends on
the following factors:

e The number of freeway lanes in the
influence area.

» Thepresence of nearby on- or off-ramps.

Level of Service of Freeway-Ramp
Junctions. Although the capacity anaysis
procedures for freeway-ramp junctions focus
on the flow rates entering and exiting the
influence areq, traffic flow is not the primary
measure used to evaluate the LOS that exists
within aramp influence area. Rather, asis
done for basic freeway segments, vehicle
dengty isthe primary measure used to define
levels of service. Table 2-5 provides the
density thresholds corresponding to each
level of service in ramp influence aress.
Regression equations presented in the
Highway Capacity Manual are used to
estimate volumes, densities, and speeds in
the ramp influence area

Asshown in table 2-5, the density threshold
values for each LOS are somewhat higher
than for basic freeway segments. This is
because drivers naturally expect some
increased turbulence and closer proximity of
other vehicles in a merge or diverge area,
and because drivers are typically traveling at
a dightly dower speed in any given lane in
the influence area than they would on a
similar section of open freeway.

Freeway Systems

The freeway isacomplex facility made up of
many component segments, each having a
potential impact on operations in upstream
and downstream segments. Capacity and
LOS analyses discussed to this point have
addressed each of the mgjor types of freeway
components. After the component analysis
has been completed, the final step in such an
andysis is to put the various components
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Table 2-5. Level of Service (LOS) Descriptions for Freeway-Ramp Junction
Influence Areas. Y

Density
Level of Threshold, o
Service Status pc/km/In Description
(pc/mi/in)
Merging and diverging maneuvers occur
A Unrestricted 6.25 without disrupting freeway flow. No
Operations (10) noticeable turbulence exists. Freeway speeds
are nearly as high asin basic freeway sections.
Merging and diverging maneuvers become
Stable 125 noticeable to mo_tonsts, bqt only mini mal levels
B Operations (20) of turbulence exist. Merging vehicles must
adjust their speeds in order to move into
available gaps in the freeway traffic stream.
Stable 175 Ave_rage spegds in the ramp |nf_l uence area
C Operations (28) begin to decline. Driving conditions are still
P relatively comfortable at thislevel.
, Turbulence levels become intrusive. All
High- : o
. vehiclesin influence area dow to
Density 21.9 : .
D Stable (35) accommodate those making merging and
o : diverging maneuvers. Freeway operations tend
perations .
to remain stable.
Operations are at or near capacity. Speeds are
E Capacity >21.9 lower. Freedom to maneuver is extremely
Operations (> 35 limited and intrusive to all drivers. Operations
are unstable.
Traffic attempting to use influence area
F Breakdown 2 exceeds the amount which can traverse the
Operations area

@ Dengity criteriais not valid or relevant under breakdown conditions

together to get an overdl systemwide picture
of anticipated freeway operations.

Generally speaking, capacity and LOS
analyses can be oriented towards design
(determining necessary number of lanes,
locations of ramps, weaving area lengths,
etc.) or operations. In this section, the basic

stepsfor an operationa anadlysis of afreeway
system are outlined.

As the first step, the analysis of individual
freeway components occurs as per the
techniques described earlier.
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1. Basic freeway segments are evauated
usng the procedures discussed in
chapter 3 of the Highway Capacity
Manual @

2. Ramp junctions are evauated using the
procedures in chapter 4 of the Manual,
considering each ramp as follows:

* Asanisolated ramp.

* In conjunction with the adjacent
downstream ramp.
* In conjunction with the adjacent

upstream ramp.

Ramps that are clearly operating as part
of a weaving section would not be
evauated with these procedures.

3. Weaving sections are evaluated using the
procedures documented in chapter 5 of
the Manual.“?

When a given component falls under more
than one of these categories, the analysis
category that results in the lowest LOS is
used as the controlling factor defining
operations within that component.

Once the analysis results of the various
freeway components have been computed, a
graphical procedure can then be used to
obtain an overal perspective of the
operating conditions of the freeway system
asawhole. The general freeway alignment
is plotted along with an indication of the
level of service that has been predicted for
each particular freeway component or
segment.  Figure 2-10 illustrates this
pictorial layout of level of service for a
hypothetical freeway section.

As theillustration shows, the weaving area
in section 4 of this hypothetical situationisa
candidate bottleneck situation that will likely
be the segment that controls the
operation of the overall system. Whereas
the weaving section is anticipated to operate
near level of service E, the upstream
segments could operate at levels of service
B or C aslong as the weaving section does
not break down and create queues and
congestion that propagates upstream into
these segments. However, if flows are
dightly higher than anticipated, it is likely
that the weaving segment would break down
very quickly and lead to operational
problems within those upstream segments as
well.

Highway Capacity Software (HCS)

Capacity and LOS analyses for each type of
freeway segment can be performed manually
using the procedures, nomographs, tables,
and worksheets that are provided in the
Highway Capacity Manual. However, these
computations can be quite repetitive and
time-consuming for the anaysis of many
desgn or opeationa @ aternatives.
Fortunately, these procedures have been
automated, and can be performed quite
eadly on a persona computer using the
Highway Capacity Software (HCS),
developed under FHWA sponsorship and
maintained by the MCTRANS Center at the
University of Florida.

The HCS is a macroscopic, primarily
empirical, deterministic simulation program
used to quickly and easily evauate traffic
flow conditions at specific freeway features.
The program contains separate modules for
analyzing basic freeway segments, freeway-
ramp junctions, weaving areas, and freeway
systems. Modules for analyzing signalized
and unsignalized intersections are aso
included (these may be needed when
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Figure 2-10. Graphic Representation of Level of Service for Freeway Systems. V

evaluating ramp-arterial street terminals at
the ends of exit ramps).

The HCS (and the HCM procedures in
general) are most appropriate for quick
analyses of individua freeway components
or for specific locations. If amore accurate
and detaled evaluation of freeway
operations as asystemisrequired or desired,
it is necessary to revert to the more
sophisticated  traffic smulation and
optimization models in order to fully
examine traffic operating conditions. These
smulation and optimization models are
addressed below.

BOTTLENECK/QUEUING ANALYSES

The state of the freeway (as determined by
its flow-speed-density relationship) changes
over space and time. When these changes of
state occur, a boundary is established that
denotes the time-space domain of one flow

date as distinguishable from another. These
boundaries are referred to as shock waves.
As shown in figure 2-11, when a change in
state occurs on a high-volume freeway, the
gueue and its resulting congestion begin to
back upstream from the scene of the
bottleneck. The boundary that denotes this
change in state is a shock wave.

As shown in figure 2-12, there are four
common types of shock waves. A frontal
stationary shock wave aways forms at a
bottleneck location and occurs when demand
exceeds capacity. It can be caused by either
recurrent or nonrecurrent congestion
gtuations. The term frontal implies that the
shock wave is at the front (or downstream
edge) of the congested region. It is called
stationary because the shock wave is fixed
by the location and does not change its
location over time.
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Figure 2-12. Shock Wave Phenomena at a Freeway Bottleneck
During a Peak Period. @4
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A backward forming shock wave is aso
always present when congestion occurs. It
isformed by the area where excess demands
are being stored (i.e., the queue). It is
termed backward because, over time, the
shock wave moves backwards or upstream
in the opposite direction of traffic. The term
forming implies that, over time, the
congestion gradually extends farther
upstream. The slope of the wave represents
how fast the shock wave is traveling
upstream (e.g., aflatter dope implies that the
shock wave is moving dowly upstream,
while a steeper dope implies that the shock
wave is moving rapidly upstream). A
backward forming shock wave is the most
commonly occurring type.

A forward recovery wave is the next most
commonly encountered type of shock wave.
It occurs when there has been congestion but
demand decrease is below the bottleneck
capacity. It forms as the length of
congestion reduces. It is a forward wave
because it moves downstream in the same
direction as the flow of traffic. The term
recovery implies that free-flow conditions
are gradually occurring as the wave moves
forward.

A rear stationary shock wave occurs when
the arriving traffic demand isequal to flow in
the congested region for some period (i.e.,
the queue is neither growing or dissipating).
It isarear wave because it occurs at the rear
(or upstream edge) of the congested region
with higher densities downstream and lower
densities upstream. It is stationary because
the shock wave does not change its location
over time.

Another type of shock wave encountered on
freeways is the backward recovery shock
wave. Thiswave commonly occurs after the
source of congestion (e.g., an incident) has
been removed from the freeway. After the
capacity has been restored, the discharge

rate through the congested area exceeds the
flow rate in the congested region. This
causes the shock wave to move upstream (or
backwards) in the opposite direction from
traffic. It isarecovery wave because over
time, free-flow conditions are extending
further and futher upstream from the
previous bottleneck location.

A final type of shock wave that may be
encountered is the forward forming shock
wave. Thistype of shock wave movesin the
same direction of traffic. It is a forming
wave because, over time, congestion is
gradualy extending further and further
downstream. This type of wave is not
commonly  observed with  freeway
operations.

Queues form when demand on a freeway
facility exceeds the capacity for an interval
of time. To conduct a queuing analysis the
following inputs are required: 4

* The mean (or average) arrival flow rate
(vph).

» Thedistribution of arriving vehicles.

» Themean (or average) service flow rate
(vph).

 The digribution of vehicles being
serviced.

* Thequeue discipline.

“Frg In First Out (FIFO)” is the commonly
used queuing discipline used in
transportation engineering.  With FIFO,
vehicles are serviced in the order in which
they arrive. Another queuing discipline that
can be used is “first in last out (FILO).”
This type of queuing discipline would be
used to model how queues might dissipate
from behind a dow-moving vehicle on a
multilane freeway.
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Queuing analyses can be conducted at two
levels of detaill. With the first, queues are
analyzed at a macroscopic level where
arrival patterns and service patterns are
consdered to be continuous. The other level
of detail is microscopic, and is conducted
where arriva and service patterns are
considered to be discrete.

One dtuation where queuing anayss is
commonly used in freeways is in anayzing
the impacts of temporary blockages (caused
by incidents or work zone activities) on
traffic flow. Figure 2-13 provides an
illustration of this situation. Figure 2-13a
provides dl the input requirements needed to
andyzethissituation. The arrival rate (A) is
gpecified in vehicles per hour and is constant
for the analysis period. The normal service
rate (without the blockage) is indicated in
the diagram as |, and since it exceeds the
arrival rate, no queuing would normally
exist. However, an incident occurs that
reduces the service rate to pg, which is
below the arriva rate, and this lower service
rate is maintained for t; hours. As is the
case in most freeway situations, a FIFO
gueue discipline is assumed.

In figure 2-13b, a cumulative vehicles versus
time diagram is congtructed. The arrivals are
shown as a straight line passing through the
origin with a slope up and to the right
equivaent to the arrival rate (). For the
first period, the service line follows the
arrival line, until the blockage occurs. At
that point, the service rate becomes
equivaent to iz and maintains a flatter sope
until the blockage is removed. When the
service rate increases to 4, the service line
asumes a steeper dope. This continues until
the arriva line and service line intercept, a
which time the service line once again
overlaysthe arrivd line. A triangleisformed
with the cumulative arrival link forming the

top side of the triangle and the cumulative
service line forming the other two sides of
the triangle. The triangle represents the
congestion that is caused by the bottleneck.
Table 2-6 summarizes the equations used to
analyze this queuing situation.

FREEWAY SIMULATION/
OPTIMIZATION MODELS

Capacity and LOS andysisis a very useful
tool for gauging the expected operating
conditions at certain freeway locations, and
for determining the magnitude-of-scale
changes that would result in those operations
if amgor freeway improvement were made.
However, the characteristics of the freeway
system and/or the traffic demands on the
freeway create conditions that cannot be
eadly or accurately evaluated with the
capacity andydstechniques. The changesto
the freeway may be too subtle in nature to be
addressed by the capacity and LOS analysis.
In addition, the capacity analysis procedures
only indicate where traffic operations are
expected to break down or the LOS being
provided by a particular roadway and traffic
configuration. Information on tota and
individual vehicle dedays, stops, fue
consumption, vehicle emissions, and other
measures are not provided by capacity
analysis techniques. Consequently, it is
often necessary to turn to more complicated
but powerful traffic smulation or
optimization analyses.

The following sections provide an overview
of the magor traffic smulation and
optimization computer models available for
freeway operationsanayss. The models are
discussed according to the analysis approach
used to represent traffic flow in each. First,
the macroscopic models are described.
Then, models that provide a microscopic
andyss of freeway operations are reviewed.
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Figure 2-13. Use of Queuing Analysis to Analyze Temporary Blockage. ¥

Macroscopic Freeway
Simulation/Optimization Models

One of the principal advantages of most
freeway simulation/optimization models is
their incorporation of the time element into
theanalysis. Typicaly, thisis accomplished
by dividing the duration of analysis into
incremental units, or “dlices,” of time over
which traffic demands and freeway
characteristics are approximately constant.
The time dices ae then anayzed
sequentialy to alow the traffic impacts of
previous dices to be consdered in the
evaluation of the current time dice. In a
similar manner, the spatial relationships

between various components on the freeway
are gpecified by defining homogenous
segments of freeway in the program and
linking those segments together to form the
freeway section of interest. These segments
have uniform characteristics in terms of
traffic demand, number of lanes, basic
geometry, etc.

A number of smulation and optimization
models have been developed over the years
to assst in the anaysis of macroscopic
traffic flow behavior on freeways.
Characteristics of the three such programs
that are most widely used are discussed
below:
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Table 2-6. Queuing Performance Equations for Freeway Lane Blockage. ¥

Performance Measure Equation
Time duration in queue, ta (M - Hg)
t, (hr) -2
Number of vehicles queued, AtQ
N, (vehicles)
Maximum gueue length, ta (A - Hg)
Qy (vehicles)

Average queue length while queue present, to(A - Mg)
Q, (vehicles) 2
Maximum individual delay, 60t (A - Hg)
dy (minutes) A
Average individua delay while queue 30t (A - Mg )

present,
d, (minutes) A

Total delay tato (A - Hg)
TD (vehicle-hours) 2

A =the mean arrival flow rate (vph)
ug = Capacity flow rate during incident (vph)

« FREQ.
« CORFLO.

. QUEWZ-92.

w = Capacity flow rate (vph)
t; = duration of incident (hrs)

FREQ

FREQ is a macroscopic, analytic,
deterministic, smulation and optimization
program designed to evaluate freeway
operations in a single direction of travel.
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The program has been tested and validated
extensvely, and is widely used to evaluate
the impacts of temporary freeway lane
blockages, various freeway lane and ramp
configurations, and high-occupancy vehicle
treatments (dedicated lanes, priority
treatments at entrance ramps).**'® FREQ
can aso develop optimized timing plans for
ramp metering, based on one of severa
optimization objectives (e.g., maximize
vehicle throughput, vehicle-kilometers of
travel, passenger throughput, or passenger-
kilometers of travel). However, the program
is not capable of evaluating freeway-to-
freeway interchange operations.

Input data requirements for FREQ include
the following characteristics for each
freeway segment within the study section:

*  Segment length.

e Number of travel lanes.

* Grade.
* Capacity.
* Design speed.

* Ramp configuration.
* Ramp capacity.

Traffic demand data required by FREQ are
asfollows:

* Mainline volume entering the upstream
end of the first freeway segment in
section.

* Mainline volume exiting the downstream
end of the last freeway segment in
section.

* All entrance and exit volumes within the
section being analyzed.

The magor types of output of the FREQ
anaysis are listed below:

* Freeway travel time (vehiclee and
passenger-hours).

» Ramp and freeway delays (vehicle- and
passenger-hours).

e Total traved time (vehiclee and
passenger-hours).

e Total travel distance (vehiclee and
passenger-kilometers (miles)).

»  Speed and density contour maps.

* Average speeds.

* Fuel consumption.

* Vehicle emissions by pollutant type.
*  Optimized ramp metering rates.
CORFLO

CORFLO is an FHWA-sponsored package
of macroscopic, analytical, deterministic
amulation models that allows the analyst to
evaluate traffic operations on a freeway, a
freeway corridor, or an entire roadway
network. CORFLO consists of a freeway
samulation model, FREFLO, an arterial street
analysis tool, NETFLO, and a user-
equilibrium traffic assignment program,
TRAFFIC. These programs have a common
coding format that alows a unified,
interactive analysis of combined freeway-
arterial street operations.

The freeway component, FREFLO, is
capable of evauating freeway-to-freeway
interchanges, or even an entire freeway
network. The program is capable of
simulating ramp metering impacts on
operations, but is not capable of optimizing
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the metering rates.  Temporary lane
blockages and HOV treatments can also be
evaluated using the FREFLO program.®>1"

Data input requirements for FREFLO are
smilar to those for FREQ. These
requirements are listed below:

*  Segment length.

*  Number of travel lanes for regular use
and HOV operations.

» Capacity.
* Freeflow speed.
* Ramp configuration.

 Volumes entering at the upstream
segment and at on-ramps.

e Traffic volume exiting percentages at
off-ramps.

» Percentage of volumes which are trucks
or carpools.

The measures-of-effectiveness attainable
from FREFLO are asfollows:

* Travel distance measures (vehicle and
person trips, vehiclee and person-
kilometers [miles] traveled).

e Traved time measures (vehicle and
person-minutes).

* Average speed measures (vehicle- and
person-kilometers per hour [miles per
hour]).

»  Space mean speeds by vehicle type and
lane type.

» Lane dendity by vehicle type and lane
type.

QUEWZ-92

QUEWZ-92 (Queue and User Cost
Evaluation of Work Zones) is a smple
macroscopic, analytical, deterministic
smulation program designed to evaluate the
traffic impacts and additional road user costs
of freeway work zone lane closures. The
program can aso determine acceptable times
of the day when lane closures can be alowed
without causing freeway queues to become
too extensive.*5®)

QUEWZ-92 relies on simplistic assumptions
about the freeway segment being anayzed,
treating the approach as a basic freeway
segment. The data requirements of the
program are listed below:

» Configuration of the work zone (how
many lanes are open, how many lanes
are normally available, how long is the
work zone section).

e The schedule of the lane closure
activities.

* Hourly freeway traffic volumes

approaching the lane closure.
The output obtained from QUEWZ-92
consists of hourly and cumulative estimates
of the measures listed below:
* Average speed through the work zone.

* Average queue length if one exists.

o Traffic volumes diverted because of
excessive queuing.

* Additional road user costs.
Microscopic Freeway Simulation Models

In cases where macroscopic models do not
provide the measures needed to properly
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andyze a freeway dtuation, or the
assumptions about traffic behavior inherent
in the macroscopic models do not represent
the condition being evaluated, it may be
necessary to utilize a microscopic freeway
amulation moded for the analysis. Generally
gpeaking, such models are extremely data
intensve and time-consuming to set up,
debug, and use in an anayss. However,
they are very powerful tools for assessing
the impacts of more subtle changes in
freeway geometrics and for evauating
complicated freeway sections such as at
weaving areas with unusual geometrics.

There are two main microscopic freeway
simulation models available at the present
time. These include FRESIM, an FHWA.-
sponsored model that is designed to fit
within the TRAF system of computer models
that FHWA has developed, and
INTEGRATION, a proprietary model
developed in Canada that links the freeway
and arterial street systems together in a
single modeling structure. A third mode,
INTRAS, was aso developed under FHWA
sponsorship and has been used in past
microscopic analyses of freeway operations.
However, the more recent FRESIM model is
intended to replace INTRAS. Consequently,
that model is not discussed in detail.

FRESIM
FRESIM is a microscopic, anaytica,
stochastic freeway Smulation model.

FRESIM is capable of smulating freeway
mainlanes, ramps, freeway-to-freeway
connectors, variations in grade, horizontal
curvature and superelevation, lane additions
and drops, temporary lane blockages,
acceleration or deceleration lanes, and
auxiliary lanes. The model can also smulate
freeway surveillance vialoop detectors, one
of three incident detection a gorithms based
on the loop detector data, and ramp
metering operations."? However, the model

is not capable of optimizing these metering
rates. Furthermore, the user has the ability
to control very detailed driver characteristics
such as the parameters of the lane-changing
algorithm or the aggressiveness of the
driving population (which affects the
acceleration and deceleration rates and gap
lengths that will be acceptable to drivers).

FRESIM requires extensive input data in
order to fully anayze a given freeway
section. Fortunately, default values are
provided for many of theinput requirements.
However, the analyst should understand
what these default values represent and be
able to adjust them to local conditions if
warranted. Thefollowingisalist of the data
that can be entered into FRESIM on a
segment-by-segment basis:

* Segment length and type (mainlane or
ramp).

*  Number of through and auxiliary lanes.
* Length of auxiliary lanes.
» Grades and superelevation.

» Pavement condition (dry, wet, asphalt,
concrete).

* Freeflow speed.

» Average queue discharge headway.

* Lanesthat are restricted to trucks.

» Turning/exiting percentages.

and

* Loop  detector locations

characteristics.

* Incident characteristics (effect of lane

blockage on capacity, effect of
rubbernecking on capacity, duration of
incidents).
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» Location of lane additions or drops.

* Ramp metering settings and operating
type (fixed, demand/capacity, speed
control, gap acceptance).

» Traffic volumes entering and exiting the
section.

» Car-following sengitivity factors.

» Pavement friction coefficients.

* Lane-changing characteristics (rates of
compliance to warning signs, acceptable
gap sSizes, speed of lane change,
acceptable acceleration rates).

»  Operating characteristics by vehicle type.

Categories of output statistics computed by

FRESIM for each segment and for the entire

section include the following:

* Vehidesdischarged from each segment.

* Vehicles
Mmaneuvers.

making  turning/exiting

* Average delay (actual travel time minus
free-flow travel time) per vehicle.

* Average time spent moving.

* Average speed.

*  Number of lane changes.

e Totd travel distance (vehicle-kilometers
[vehicle-mileg]).

« Volume.
* Density.
*  Speed.

e Vehicle emissions.
INTEGRATION

INTEGRATION is aso a microscopic,
andytical, stochastic traffic simulation
model. The magor difference between
INTEGRATION and FRESIM is that the
former includes dynamic routing capabilities
that can change the intended trip path of
vehicles as they progress through the
network, depending on current estimates of
travel time on the available paths. The
program devel opers see this model as away
of evauating the effect of advanced
technologies (particularly advanced traffic
management systems and advanced traveler
information systems) upon traffic operations
in urban areas. The program has been tested
on networks in both the United States and
Canada, with favorable results.®2V

Because the program models both freeway
and arterial street segments within the
analysis area, data requirements are fairly
large. However, specific geometric details
such as grades, superelevation, and
pavement conditions are not modeled
explicitly. Specific data items needed are
listed below:

*  Segment length.

*  Number of “effective’ through lanes.
» Saturation flow rate per lane.

*  Freeflow speed.

» Tréaffic signal characteristics for ramp
meters and signalized intersections.
and

* Loop  detector locations

characteristics.

* Incident characteristics (effect of lane
blockage on capacity, effect of

2-43



Manual TABLE OF CONTENTS

Module 2. TABLE OF CONTENTS

rubbernecking on capacity, duration of
incidents).

» Zond traffic origin-destination tables for
each time period (work is underway to
build these synthetically from freeway
and ramp volumes).

The output of the INTEGRATION model
includes the following categories of
statistics:

» Trip times for each origin-destination
pair (total and per vehicle).

» Total trips entering the network.
*  Speeds on each segment.

* Volume-to-capacity ratio for each

segment.

 Trip times on each segment (total and
per vehicle).

e Number of stops.
*  Queuesizes.

* Fuel consumption.
* Vehicleemissons.

Strengths and Weaknesses of the
Available Models

Table 2-7 summarizes the strengths and
weaknesses of each of the freeway
smulation/optimization models discussed in
this chapter.  Generadly speaking, the
microscopic models offer more detailed
analyses, but at the cost of more extensive
data requirements. The inability to model
freeway-to-freeway connectorsis the major
limitation of FREQ, whereas the FREFLO
portion of the CORFLO computer package

does not collect environmental statistics on
the freeway segments that are eval uated.

QUEWZ-92 isaspecid-use tool appropriate
only for the evaluation of aternative work
zone lane closure dternatives. FRESIM
does not offer the ability to model HOV
lanes, nor can the influence of reduced lane
widths be modeled. Finaly, despite the
microscopic analysis approach utilized by
INTEGRATION, the model is not designed
to offer detalled operational analyses of
freeway geometrics. Rather, the model
focuses attention on how operational control
and driver information influence freeway and
arteria street traffic conditions.

FIELD MEASUREMENTS

One way to quantify the magnitude of
operationd problems on freeways is through
field studies. The following two types of
field studies can be used to provide useful
ingght in identifying problem locations on a
freeway and to identify methods for
improving operations on the freeway.

Travel Time and Delay Studies

Travel time and delay studies can be used
guantitatively for the following purposes,
which can help identify and equate
operational problems and solutions in a
freeway management system:?

* Determining the efficiency of a route
with respect to its ability to carry traffic,
and relative to other routes, through the
use of sufficiency ratings or congestion
indices.

* Providing input to capacity analysis of
roadway segments.

* ldentifying problem locations

indicated by delay.

as
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Table 2-7. Strengths and Weaknesses of Freeway Traffic Simulation/Optimization Models. *?

Macroscopic Models

Microscopic Models

FREQ CORFLO QUEWZ-92 FRESIM INTEGRATION
Widespread Can explicitly model | Simple to use Detailed analysis of Explicitly models freeway-
validation freeway-arterial | Tailored to work geometrics are possible arterial street interface
Easy to use street interface zone lane Can configure parameters to | Can dynamically route
Strengths Can optimize ramp | Can simulate closure analysis local driver and vehicle vehiclesto simulate real-
metering rates freeway-to- Computes road characteristics time motorist information
freeway user costs Can simulate freeway-to- Can simulate freeway-to-
connectors directly freeway connectors freeway connectors
Analysislimited to | FREFLO does not Does not evaluate | Does not model HOV lanes | Detailed vehicle interactions
one direction of provide fuel restricted lane | Does not evaluate impact of and lane-changing
asingle consumption or widths only reduced lane widths behavior not explicitly
Weaknesses freeway vehicle emission | Applications Extensive geometric data modeled
Does not model statistics limited to work requirements (curvature, | Extensive data requirements
freeway-to- zone analyses superelevation rates, (i.e., zonal origin-
freeway grade) destination data)
connectors

Source: Adapted from Reference 11.
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* Providing input to transportation
planning models, trip assgnment models,
and route diversion models.

» Providing input to economic analyses of
aternatives.

» Generating travel time contour maps.

» Providing input to studies that evaluate
trends in efficiency and level of service
over time.

There are severa techniques available that
can be used to conduct travel time and delay
studies, including the following:

e Test-car runs.
» License-plate observations.

» Toll-road electronic payment/automatic
vehicle identification cards.

* Observation of vehicles from vantage
points.

The reader is referred to ITE's Manual of
Traffic Engineering Studies for specific
details on how to perform travel time and
delay studies.®

Origin/Destination Volume Studies

In a number of situations, ssimply knowing
the number of vehicles at various locations is
not sufficient to assess travel demands and
patterns on the freeway system. Knowing
where vehicles are coming from and where
they are going is essential in many freeway
applications. For example, ssimply counting
the number of vehicles entering and exiting
a certain ramp on the freeway does not
provide the type of information that allows
aternative routes and diversion strategies to
be adequately planned and analyzed. For
these applications, it is important to know

how many vehicles entering the freeway at a
gpecific ramp exit a another ramp
downstream. This type of information can
be collected using origin/destination studies.
Situations where origin/  destination
information would be useful include the
following:

* Freeway interchanges.

*  Weaving areas.

» Traffic a maor activity centers.

* Regiond planning studies.

There are anumber of techniques that can be
used to collect origin/destination information
from travelers, including the following:

* Light-on studies.

* License-plate studies.

» Post-card studies.

* Interview studies.

The reader is referred to ITE's Manual of
Traffic Engineering Studies for specific

details on how to use these techniques to
collect origin/destination information.

2.4 LESSONS LEARNED
SYSTEM MAINTENANCE

System maintenance should be considered at
al levels of the planning, design, and
implementation process of the freeway
management system.  Without proper
maintenance, the effectiveness of the system
issignificantly reduced. Equipment failures
can lead to vehicle crashes that not only
affect the overdl level of congestion on the
freeway system, but also expose the agency
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to liability concernsif the mafunction is not
corrected in atimely manner. Inadequate
maintenance aso affects the ability of the
control system to perform at an optimal
levd. Furthermore, inadequate maintenance
can also reduce the service life of system
components, leading to higher overal life-
cycle costsin the system.

To be effective, a maintenance program must
have the following elements.®

* Adequate staff of well-trained personnel.

* Up-to-date documentation on al system
components.

* Adequate budget for spare parts and
expendables.

* A long-term commitment on the part of
the agency to utilize the system to its full
potential including keeping the system
“up-to-date” on a continual basis.

Ways in which maintenance can be
supported during the design of the system
include the following:®

» Specify modular components so that
components can be swapped in the field
and repairs handled in the shop, where

they will not interfere with field
operations.
*  Specify environmentally-hardened

components that meet
standards.

recognized

» Use standardized equipment makes and
models to reduce the number of spare
parts and different maintenance
techniques.

» Specify sdlf-diagnostic capabilities.

»  Specify trandent protection (e.g., power
surges and lightning) and equipment
grounding.

e Locate components to minimize
vulnerability to damage (eg.,
knockdowns of field equipment).

* Provide for safe and convenient access
to the hardware for maintenance
personnd (e.g., will traffic lanes need to
be closed when variable message signs
are being repaired or relamped, etc.).

Types of Maintenance Requirements

The maintenance of hardware eementsin a
system traditiondly fals under the
maintenance heading. Infact, there are three
magor types of maintenance activities that are
performed in a freeway management
system:®

* Functional.
* Hardware.
» Software.
Functional

Traffic conditions, travel patterns, land-use
patterns, and the political environment in
many communities are continuousy
changing. Therefore, the control strategies
and functions performed by a freeway
management system need to be continuously
reviewed, revised, and updated to keep pace
with the change in operating environments.
The types of activities included in this
maintenance category include the following:

* Relocating or repositioning system
detectors and surveillance equipment.

» Reconfiguring subsystems.

2-47



Manual TABLE OF CONTENTS

Module 2. TABLE OF CONTENTS

* Expanding the system to cover a greater
geographic area.

* Expanding the system to provide
additional functionality.

e Changing detection and/or control
technologies to keep pace with
technological changes.

 Updating or improving control
strategies.
* Updating, revisng, and improving

incident response plans.
Hardware

Hardware maintenance can be divided into
three categories, each of which must be
planned for in designing the system and
accounted for in the preparation of annual
operating budgets:®

e Remedidl.
* Preventative.
* Modification.

Remedia maintenance refers to the type of
maintenance activities performed to correct
or replace mafunctioning or faled
equipment. Because this type of
maintenance activity includes maintenance
performed on an emergency basis, it usualy
commands the highest priority.

Preventative maintenance refers to those
activities that are performed to keep
equipment  faillures from  occurring.
Examples of the types of activities
performed in this category include the
following:

 Reamping and cleaning of variable
message signs, ramp meters, etc.

* Inspection of poles, foundations, and
wiring.

* Re-tuning of detectors.

Good preventative maintenance begins with
and depends upon proper installation, and
proper installation requires thorough
inspection and testing throughout the design
and ingtallation process.® System operators
and maintainers should participate in the
inspection process and acceptance testing.
Such involvement is an excellent source of
informa training and fosters a sense of
ownership of the new system, essentia
ingredients to developing an effective
maintenance program.

System modification or reconstruction is
often included as a maintenance item
because, in many cases, maintenance
personnel are used to implement the
changes. Generadly, system modification or
reconstruction becomes necessary when the
following situations occur:

* A manufacturing or design flaw is
identified.

* Changes are needed to improve the
performance characteristics of the
equipment.

Good maintenance practices require that
hardware functions and specifications be
well documented. Table 2-8 lists some of
the items that should be included in the
documentation of the hardware to support
hardware maintenance activities.

Software

The maintenance of software is often
overlooked in freeway management systems.
Most computer software undergoes (or
should undergo) complete and extensive
testing and debugging before it is accepted
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by the operating agency; however, because
of the multitude of different possible
computational combinations and operational
circumstances, it is impossible to discover
every flaw or bug during the testing and
acceptance period. Additiondly, as
operators gain experience with the system,
they often discover additional procedures or
features that could improve operations.
Agencies need to have a mechanism for
making corrections and modifications to
software after the initial warranty period has
expired.

Operating agencies must be committed to
providing adequate funding and staffing
resources to effectively maintain software.
Traditionadly, two mechanisms exist for
maintaining system software:

* |In-house.
* Maintenance contract.

If an agency elects to maintain the software
sysemin-house, it must provide a sufficient
number of quaified staff to perform these
functions. If software maintenance isto be
performed in-house, most agencies devote
one or more full-time positions solely to
developing and maintaining system software.
Many agencies use engineering staff that also
happen to have the requisite software skills
to maintain their sysem software.®?
Because highly qualified programmers and
software engineers are in great demand,
agencies may find it difficult to attract and
retain qualified programmers. In these
situations, an agency can contract its
software maintenance. Under this type of
agreement, the contractor can correct any
latent bugs and make minor enhancements
based on the experience of the operations
personngl .® Oftentimes,  software
maintenance can be accomplished over a
phone link and modem.

One way software maintenance can be
facilitated at the design and implementation
phase of the system is through the adoption
of coding standards.®® Coding standards
should be adopted prior to beginning work
on the system. The purpose of the coding
standardsis to ensure that programmers use
the same style and format when developing
their software. The coding standards are to
be used by every programmer working on
the system. Coding standards are important
because many routines written by one
programmer may be used by other
programmers in developing their routines.
Furthermore, since all the programmers use
the same style, the overal package has a
consistent “look and feel” about it. Coding
standards also lead to better documentation
and enforce good programming practices.
All of these aspects of coding standards can
save condderable time in the initid
programming of the system, plus making it
easier for unfamiliar programmers to make
modifications and enhancements after the
origind programmers are no longer working
on the system.

Another way software maintenance can be
fostered in the initid design and
implementation phase is through good
documentation.®¥ Documentation is one of
the most valuable and yet variable
deliverables associated with any software
development effort. 1t can be very difficult
to obtain the necessary level of detail when
project funds run short and the programmers
are disnterested in the documentation effort.
Documentation standards should be
established as a guide for both in-house and
contract programmers. Table 2-9 lists some
of the elements that should be submitted as
part of the software documentation.
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Table 2-8. Items to be Included in Hardware Documentation. ®

» General description — General description of the component.
» Theory of operation — Detailed description of the operation of the component.

» Normal operating procedure — Description of the procedure for the routine operations
of the component, including normal operating characteristics, voltage levels, and
waveforms measured at test points.

» Partslist — Listing and identification of various parts of the component.

» Schematic drawings — Complete and accurate electronic schematics that specify
component interconnections, component values, voltage levels, and component
locations.

» Drawings of cabinet layouts, wiring diagrams, and lightning protection. Wiring and
cabling lists describing interconnection of al plugs, chassis, and other components. In
addition, they must identify wire type, size, and color code. They should also identify
connector type, pin numbers or terminal strip numbers, and test points.

» Mechanical details— Equipment layouts, physical dimensions, access points, and test
point locations.

» Power supply cabling — A description of the power supply, the power distribution
system, and the characteristics of the power supply. The power source and all
protective devices in the power system must aso be described.

» Environmental controls — Power, heating, cooling, and humidifying.

» Descriptions of al preventative maintenance activities for al system components (e.g.,
computer, communications units, controllers, etc.). Thisinformation must include both
the procedures and the frequency with which these activities are to be performed.

» Description of emergency maintenance trouble-shooting and diagnostic procedures.
This documentation begins with alist of symptoms and proceeds through a series of
analyses until the most common cause of the symptom isidentified.

* A recommended set of spares and test equipment to be purchased by the local agency or
supplied under the contract.

 Instructions on the use of computer diagnostic software furnished by the computer
manufacturers for evaluation of the computer and peripheral equipment operation.
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MARKETING SYSTEMS

The importance of marketing freeway
management systems should not be
overlooked. Public acceptance and
cooperation are essential to achieving the
goals and objectives of a freeway
management  system. Without public
acceptance and support, an agency will find
it difficult, if not impossible, to maintain a
secure and stable political support and
funding base for operating and maintaining a
freeway management syssem. Marketing the
system — highlighting what it does and how
it will directly benefit the traveling public —
is crucia to building public support and
acceptance.

Target Audiences

Transportation agencies should develop a
plan for marketing their freeway
management system. The market plan
should address how the system will be
marketed to the following four target
audiences.®

» The operating agency itself.

» Other agencies that are affected by the
system.

* Important public and elected officials.

* The genera public and users of the
system.

Operating Agency

A freeway management system will not be
successful or effective without strong
support from those individuals who will be
funding, operating, and maintaining the
system. Decision-makers within the agency
need to be aware of the costs and benefits of

the system and where the freeway
management system fits into the overal
future of the organization as a whole®
Often, these decison-makers can be
converted to being champions for the
system. Marketing strategies need to be
employed internally within an organization
so that champions can be identified, and
pride and ownership in the system can be
developed.

Affected Agencies

The marketing plan should dso include those
agenciesthat are not directly responsible for
but directly affected by a freeway
management system. Examples of affected
agencies that should be addressed in a
marketing campaign include the following:

* Law enforcement agencies.
» Emergency service providers.

e Locd and
agencies.

regional transportation

e Trangt providers.

These agencies are concerned primarily with
how the system will affect their operations.
Law enforcement agencies will want to
know whether the system will require
additional enforcement emphasis, reduce
their enforcement burden, or have no effect
on their servicee Emergency service
providers will want to know whether the
system will enhance or hinder their response
time and access to facilities.  Locd
transportation agencies and transit providers
will want to know whether the system will
increase or decrease the demands on their
systems.® A marketing strategy should be
developed that addresses these concerns.
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Table 2-9. Elements of Software Documentation. ©

time.

database update program.

facilities.

» Source listings of the programs. These listings must be well-annotated to describe
input/output, variables, purpose of subroutines, other lower level subroutines called.

» Flowcharts or HIPO’s indicating the processing steps taken by every functiona
grouping of instructions. The flowcharts should be keyed to the software listings using

instruction addresses and subroutine names. Each flowchart must be preceded by a
functional description of the subroutine s purpose, storage requirements, and execution

» Descriptive discussion of each routine and subroutine in the application program and the

» Ligtsthat define every variable used in the software. These definitions must include
variable name, its purpose, structure, and alist of the routinesin which it is used.

» Maps showing the layouts of data and programs within the computers and storage

* A summary of system timing, including average execution times of all routines and

average execution times of each priority level.

* All computer inputs and outputs, including addresses, command structures, data transfer
rates, source/destination equipment, and printer and CRT formats.

» Backup and disk-resident copies of the source programs, along with hard-copy listings.

Elected Officials

Elected officials are primarily interested in
cost-effective systems that support the goals
of their jurisdiction or district. They are
interested in secondary effects of
technologicaly advanced systems, such as
the effects on the environment, privacy, and
land use. They are also interested in the
views of constituents, and whether the
systems will be percelved as having a
positive or negative impact on ther
constituency. To enable the system to be
effectively marketed to elected officias, the
information about the system should be
concise and easy to understand.®

General Public

The ultimate success of any advanced
transportation system depends on the
perceptions of the users of the system. If the
genera public does not see benefits that
outweigh any perceived costs or
disadvantages, the system will not be
successtul, even if there are positive benefits
being achieved by the system. It is criticd
that public agencies remember that the
ultimate customers of the system are the
people who will be traveling on the freeway.
The marketing campaign should illustrate
how these travelerswill directly benefit from
the system.®
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Marketing Strategies

There are numerous methods available for
marketing freeway management systems.
Determining which is the most appropriate
and effective method depends on the target.
Strategies commonly employed to market
freeway management systems included the
following:

* Logos.

» Brochures.

» Slide shows/videos.

* Meetings with agency boards, citizen
advisory committees, and operating
staffs.

* Mesetings with community groups,

professona organizations, high schools,
college groups, employers, etc.

* Workshops and meetings with City
Council members, public works
departments, and transportation advisory
committees.

* Pressreleases and media events.

» Digplays and billboards.

* Newdletters and fact sheets.

* Internet home pages.

Tours and site visits.

Table 2-10 lists some of the key items to be
remembered and included in developing a
marketing plan for freeway management
systems.
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Table 2-10. Guidelines for Developing a Marketing Plan for
Freeway Management Systems. ¢”

» Whileitiscritica and necessary to involve members of operating and affected agencies early in the
marketing of the system, be careful about involving the public too early. Very early involvement of the
public can lead to high and unrealistic expectations.

» ldentify the target audiences in the beginning stages of the program. Have aclear understanding of what it is
the audience is supposed to get from the media campaign and how they are likely to respond to having
knowledge of the system.

» A good marketing plan supports the strategic plan for project implementation. The marketing plan should
support the goals and expectations of the project and clearly convey them to the target audiences.

» Do not overexaggerate the impact the system will have on the transportation system. Encouraging high
expectations may lead to disappointment and the immediate loss of public trust. Moderate goals are most
appropriate when implementing new technologies. Do not let the public believe that the system will solve
all their transportation problems.

» Keep communications as open and honest as possible throughout the program implementation. |If something
goeswrong, let the public know what happened in terms they can understand. Chances are the public will
appreciate the explanation and understand the circumstances, and will be more likely to give you the benefit
of the doubt if other problems arise.

» If you do not have the qualified staff to develop a marketing plan, hire an outside firm that is familiar with
transportation projects to assist you. Human behavior is an unpredictable phenomenon. 1t may be beneficial
to consult with individuals who are experienced with dealing with the public in formulating your marketing
plan.

* When promoting the system, whether verbaly, visually, or in written form, use terms that are understandable
and tangible to the general public. Highlight the positive aspects of the system. For example, indicate that
the ramp metering system isintended to maintain speed above 40 mph on the freeway. Take car to mak the
wording direct so that it cannot be misinterpreted easily.

» Have something to show. A tangible product is easier to relate to than adrawing or report. The public will
be able to see how it works and the benefits that can be derived. They want to seeit, not just hear about it.

» Throughout the implementation of the system, survey user needs to determine whether the needs of the
public are being met. If not, adjust the program accordingly. Monitoring of user acceptance and attitudes
should continue after the system has been implemented to ensure that it is working as planned.

2-54



Manual TABLE OF CONTENTS Module 2. TABLE OF CONTENTS

2.5 REFERENCES

1.

2.

10.

11.

12.

13.

14.

Athey, T.H. Systematic Systems Approach. Prentice Hall, Englewood Cliffs, NJ, 1982.

Intelligent Vehicle Highway Systems (IVHS): “What, Why, & How.” Seminar by FHWA,
U.S. Department of Transportation, 1993.

Gordon, R.L., et. a. Traffic Control System Handbook. Report FHWA-SA-95-032.
FHWA, U.S. Department of Transportation, 1996.

Abrams, C.M. and Direnzo, JF. Volume 2: Measures of Effectiveness for Multimodal
Urban Management. 1979.

Neudorff, L.G. Guidelines for Successful Traffic Control Systems: Final Report. Report
FHWA-RD-88-014. FHWA, U.S. Department of Transportation, 1988.

Part 655-Traffic Operations, Subchapter G-Engineering and Traffic Operations. In Federal-
Aid Policy Guide, FHWA, U.S. Department of Transportation.

Hummer, JE. Appendix A. Experimental Design. In Manual of Transportation
Engineering Studies. Institute of Transportation Engineers. Prentice Hall, Englewood CIiff,
NJ, 1994.

Lindley, J.A. and Capelle, D.G. Freeway Surveillance and Control. In Transportation
Engineering Handbook. Fourth Edition. Institute of Transportation Engineers. Prentice
Hall, Englewood Cliffs, NJ, 1992.

McDermott, JM., Kolendo, S.J., and Wojcik, R.J. Chicago Area Expressway Surveillance
and Control: An Interim Report. Illinois Department of Transportation, 1973.

Highway Capacity Manual. Special Report 209, TRB, National Research Council,
Washington, DC, 1994.

Texas Highway Operations Manual. Report FHWA/TX-94/1232-3. Texas Transportation
Institute, College Station, TX, 1994.

Reilly, W.R. Operational Aspects of Highway Capacity. In Traffic Engineering Handbook.
Fourth Edition. Institute of Transportation Engineers. Prentice Hall, Englewood Cliffs, NJ,
1992.

May, A.D. Traffic Flow Fundamentals. Prentice Hall, Englewood Cliffs, NJ, 1990.

Wilshire, R.,Black, R., Grochoske, R., and Higinbotham, J. Traffic Control System
Handbook. Report FHWA-IP-85-12. FHWA, U.S. Department of Transportation, 1985.

2-55



Manual TABLE OF CONTENTS Module 2. TABLE OF CONTENTS

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Krammes, R.A., Ullman, G.L., Dresser, G.B., and. Davis, N.R. Application of Analysis
Tools to Evaluate the Travel Impacts of Highway Reconstruction with Emphasis on
Microcomputer Applications. Report FHWA-ED-89-023. FHWA, U.S. Department of
Transportation, 1989.

Singh, R. Traffic Congestion, HOV Lanes, and Ramp Metering — A Case Study. In
Compendium of Technical Papers, 62nd Annua Meeting of the Institute of Transportation
Engineers, Washington, DC, 1992.

Liv, D.D. and Kanaan, A. Evauation of Freeway Alternatives Using CORFLO. In
Proceedings, Fourth International Conference of Microcomputers in Transportation,
American Society of Civil Engineers, Baltimore, MD, 1992.

Krammes, R.A., Ullman, G.L., Memmott, JL., and Dudek, C.L. User’s Manual for
QUEWZ-92. Texas Transportation Institute, College Station, TX, 1993.

TRAF User Guide. Report FHWA-RD-92-060. FHWA, U.S. Department of
Transportation, 1992.

Bacon, V.W. J., Lovell, D.J.,, May, A.D., and Van Aerole, M.. Use of Integration Model
to Study High-Occupancy Vehicle Facilities. In Transportation Research Record 1446.
TRB, National Research Council, Washington, DC, 1994.

Van Aerde, M.,Voss, J, and Blum, Y. Modeling the Burlinton Skyway FTMS During
Recurring and Non-Recurring Traffic Congestion. In Traffic Engineering and Control,
London, England, 1989.

Robertson, H.D. Travel-Time and Delay Studies. In Manual of Transportation
Engineering Studies. Institute of Transportation Engineers. Prentice Hall, Englewood
Cliffs, NJ, 1994.

Nelson, D.C. Transportation Planning Data. In Manual of Transportation Engineering
Studies. Institute of Transportation Engineers. Prentice Hall, Englewood Cliffs, NJ, 1994.

Nordby, A. Software. In Operating and Maintaining Advanced Traffic Management
Systems Centers — White Papers. Prepared for the National Conference on Operating and
Maintaining Advance Traffic Management Systems (ATMS) Centers. Ingtitute of
Transportation Engineers, 1996.

Jacobson, L.N. Marketing ATM S and Measuring the Benefits. Surface Transportation and
the Information Age. Volume 2. Proceedings of the IVHS AMERICA 1992 Annua
Meeting. IVHS AMERICA, Washington, DC, 1992.

Riccl, J. Marketing Inteligent Transportation Systems (ITS). In Graduate Student Papers
on Advanced Surface Transportation Systems. Report SWUTC/94/72194-2. Southwest
Region Universty Transportation Center, Texas A&M University System, College Station,
TX, 1994.

2-56



Manual TABLE OF CONTENTS Module 2. TABLE OF CONTENTS

APPENDIX A: SUBCHAPTER G - ENGINEERING AND

TRAFFIC OPERATIONS

PART 655 - TRAFFIC OPERATIONS

Subpart D - Traffic Surveillance and Control
Sec. 655.401 Purpose.
655.403 Traffic surveillance and control systems.
655.405 Policy.
655.407 Eligibility
655.409 Traffic engineering anaysis.
655.411 Project administration.

Subpart E - [Reserved]

Authority: 23 U.S.C. 101(a), 104, 105, 109(d), 114(a), 135, 217, 307, 315, and 402(a);
23 CFR 1.32 and 1204.4; and 48 CFR 1.48(b).

Source: 49 FR 8436, Mar. 7, 1984, unless otherwise noted.

Sec. 655.401 Purpose.

The purpose of this regulation is to provide policies and procedures relating to Federa-aid
requirements of traffic surveillance and control system projects.

Sec. 655.403 Traffic surveillance and control systems.

(@

(b)

(©)

A traffic survelllance and control system is an array of human, institutional, hardware
and software components designed to monitor and control traffic, and to manage
transportation on streets and highways and thereby improve transportation
performance, safety, and fuel efficiency.

Systems may have various degrees of sophistication. Examplesinclude, but are not
limited to, the following systems: traffic signa control, freeway surveillance and
control, and highway advisory radio, reversible lane control, tunnel and bridge
control, adverse weather advisory, remote control of movable bridges, and priority
lane control.

Systems start-up is the process necessary to assure the surveillance and control
project operates effectively. The start-up process is accomplished in alimited time
period immediately after the system is functioning and consists of activities to achieve
optimal performance. These activities include evaluation of the hardware, software
and system performance on traffic; completion and updating of basic data needed to
operate the system; and any modifications or corrections needed to improve system
performance.
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Sec. 655.405 Policy.

Implementation and efficient utilization of traffic surveillance and control systems are
essential to optimize transportation systems efficiency, fuel conservation, safety, and
environmental quality.

Sec. 655.407 Eligibility.

Traffic surveillance and control system projects are an integral part of Federal-aid highway
congtruction and all phases of these projects are eligible for funding with appropriate Federal-aid
highway funds. The degree of sophistication of any system must be in scale with needs and with
the availability of personnel and budget resources to operate and maintain the system.

Sec.655.409 Traffic engineering analysis.
Traffic survelllance and control system projects shall be based on a traffic engineering

analysis. The analysis should be on a scale commensurate with the project scope. The basic
elements of the andysisare:

(@ Prdiminary andyss The Prdiminary Traffic Engineering Anaysis should determine:
The area to be controlled; transportation characteristics; objectives of the system,
existing systems resources (including communications); existing personnel and budget
resources for the maintenance and operations of the system.

(b) Alternative systems analysis. Alternative systems should be analyzed as applicable.
For the alternatives considered, the analysis should encompass incremental initial
costs; required maintenance and operating budget and personnel resources; and
expected benefits. Improved use of existing resources, as applicable, should be
considered a so.

(c) Procurement and system start-up analysis. Procurement and system start-up methods
should be considered in the analysis. Federal-aid laws, regulations, policies, and
procedures provide considerable flexibility to accommodate the special needs of
systems procurement.

(d) Specid features andysis. Unique or specid featuresincluding special components and
functions (such as emergency vehicle priority control, redundant hardware, closed
circuit televison, etc.) should be specifically evaluated in relation to the objectives of
the system and incremental initial costs, operating costs, and resource requirements.

(e) Anayssof laws and ordinances. Existing traffic laws, ordinances, and regulations
relevant to the effective operation of the proposed system shall be reviewed to ensure
compatibility.
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(f)

Operations plan. The final element in the traffic engineering analysis shall be an
operations plan. It shal include needed legidation, systems design, procurement
methods, construction management procedures including acceptance testing, system
gart-up plan, operation and maintenance plan. It shal include necessary ingstitutional
arrangements and the dedication of needed personnel and budget resources required
for the proposed system.

(Approved by the Office of Management and Budget under control number 2125-0512)

Sec. 655.411 Project administration.

(@

(b)

(©)

(d)

(1)

Prior to authorization of Federal-aid highway funds for construction, there should be
a commitment to the operations plan (see Sec.655.4009 (f)).

The plans, specifications, and estimates submittal shal include a total system
acceptance plan.

Project approva actions are delegated to the Division Administrator. Approva
actions for traffic surveillance and control system projects costing over $1,000,000
are subject to review by the Regional Administrator prior to approval of plans,
specifications, and estimates.

System start-up is an integral part of a surveillance and control project.

Costs for system start-up, over and above those attributable to routine
maintenance and operation, are eigible for Federal-aid funding.

(2) Fina project acceptance should not occur until after completion of the start-up phase.

ELIGIBILITY OF POLICE ENFORCEMENT AND SURVEILLANCE ACTIVITIES

IN TRAFFIC MANAGEMENT DURING MAJOR HIGHWAY RECONSTRUCTION

(23 CFR 655.403)

a

In December 1986, the Washington Headquarters office provided guidance on
traffic management actions that may be eligible for Federal-ad (FA) funding
during major highway reconstruction. See NS 23 CFR 655A, paragraph 1, for
activities discussed involving police surveillance and enforcement necessary to
mitigate congestion and/or improve the safety of motorists and workers within the
highway corridor. General guidance for these particular activities are contained
in 23 CFR 655A, Traffic Operations Improvement Programs (TOPICS), and 23
CFR 655D, Traffic Surveillance and Control.

Police surveillance and enforcement activities are often essential to safety and
efficient traffic operations during major highway reconstruction. To avoid any
possible misunderstanding, this supplement is intended to further define FHWA'’s
policy regarding the digibility of FA funding. The following criteria are provided.
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@ Police enforcement and surveillance activities that normally would be
expected in and around highway problem areas requiring management of
traffic are not eigible for Federa-aid funding.

2 On projects where normal police enforcement and surveillance practices
within construction zones may not be adequate, the traffic management
plan should address the appropriate extra police activities required.

3 The primary purpose of extra police enforcement and surveillance
activities must be to control traffic in order to maintain safe travel and
efficient operations throughout the highway corridor.

4 The State and FHWA division office must agree that extra police activities
would be an effective and gppropriate means to maintain safe and efficient
travel and adequately protect workers. The traffic management plan
should set forth the justification and details of the proposed activities.
The costs of extra police enforcement and survelllance activities
documented in the approved traffic management plan are digible for
Federal-aid reimbursement.

(5) Extra police activities should not be limited to passive monitoring and
could aso include appropriate positive guidance of traffic and enforce-
ment of regulations.

2. IMPLEMENTATION PLAN GUIDANCE (23 CFR 655.409)

a

An Operations Plan isthe find dement of atraffic engineering analysis according
to 23 Code of Federal Regulations (CFR) 655.409(f). Since an operations plan
covers such awide range of activities both prior to and after construction such as
system design, procurement, personnel, operations and maintenance, the name
“Operations Plan” is being changed to “Implementation Plan” to more
accurately reflect its contents. The name change is being made in the CFR and
will be used throughout the remainder of this guidance. The following isissued
to provide State and other agencies, which are utilizing Federa funds, guidance
traffic control systems, ensure adequate planning by the sponsoring agency, and
commit the sponsoring agency to use Federa funds efficiently.

Implementation plans are required both for new traffic control systems, as well
as expansions of existing systems, which use Federal funds and are encouraged
for those systems which do not use Federa funds. Traffic control systems are
defined as systems which contain elements to monitor, guide, control, and/or
process forms of traffic aong the surface streets and/or freeways. Implementation
plans can be for individua projects (i.e. stand-alone), or as a part of a larger
system. For expansion projects, if an implementation plan had not previoudy
been prepared, one must be prepared and include the expansion aswell. The
plan should be completed prior to authorization of construction. Thiswill ensure
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that the system is designed, built, operated, and maintained so that it accomplishes
its purpose in the most efficient manner possible, considering performance, cost,
and schedule. Too often in the past, plans were devel oped after the system was
operationa and did not include the design approach and other information which
should have previoudly been addressed and documented.

C. An implementation plan need not be a lega document; however, if it is to be
effective, it must carry the weight of a memorandum of agreement
(understanding) and should be signed by the head of the operating agency, State
highway officid, and Federal Highway Divison Adminigrator, or their designates.

d. Before the guidance is explained, afew words need to be mentioned in regards to
conformity and the planning process. Transportation Improvement Programs
(T1Ps) and Statewide Improvement Plans (STIPs) are area wide programs, while
implementation plans are project specific.  Hence, projects for which
implementation plans are being developed have already been approved in the
related TIPs and STIPs and the related conformity and management systems
issues have been addressed. In non-attainment areas, the traffic control system
being proposed for implementation must be consistent with what was proposed
in a conforming transportation plan. If the traffic control system deviates from
that design concept and scope, it may trigger a new conformity determination.

e The following sections correspond to the implementation plan requirements
listed in 23 CFR 655.409 (f) and provide discussion for each. The level of detail
of the implementation plan will depend on the type and size of the system. Since
some of the items required in an implementation plan will have been covered in
other contract documents and other elements of the traffic engineering analysis
(23 CFR 655.409), these items may be summarized and referenced in the plan.

@ Legidation. This section includes the legal considerations, if any, for the
project. Existing laws, regulations, and policies affecting the project need
to be reviewed and assessed. In addition, State or local legidative
changes such as authority for metering and HOV facilities, enforcement
authority, and roadway clearance policies should be addressed if
applicable to the project. Also, the operating procedures for the system
may need to be defined to be sure that there are no potential legal
problems.

2 System design. A system contains elements which may monitor, guide,
control, and/or process forms of traffic along the surface streets and/or
freeways. System design consists of taking the recommendations from
the planning phase, converting those needs into hardware/software
requirements, and formulating the equipment needs into contract
documents. The system design may be based on off-the-shelf,
customized, or experimenta technologies. Actua systemsvary greeatly in
practice. For example, a system may contain severa like devices such as
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an expansion of a traffic signa system, or it may consist of a traffic
management center and its associated hardware/software. For the
purpose of this guidance, system operation and maintenance must be the
responsibility of a public agency. The conduct of the system operation
and maintenance may be carried out either by (1) the public agency (2)
contract, or (3) franchise operation. An implementation plan should
include the following elements for the system design portion:

(@

(b)

(©)

(d)

(€)

(f)

(9)

System Designer: Depending upon the complexity of the system
and in-house expertise, consultant services are usually needed to
design a system. The designer needs to be identified in order to
resolve any conflicts.

System Design Life: The functiona operating life of the system
should beidentified. The design life and the costs can be used to
perform an economic analysis to identify the return on ther
investment. The system design lifewill be helpful for aLife-Cycle
Cost Analysis (LCCA).

System Coverage: This should address the area that the system
covers. The coverage related to the future expansibility of the
system should aso be addressed. Ideally, the expansibility should
be commensurate with the system’ s design life.

System Design and Operations/Maintenance Philosophies: System
operations philosophies have a significant impact on the system
design. For example, system operations centers that are staffed
only during rush hours do not require kitchen and/or shower
facilities. However, operations centers that are staffed during the
mgority of the day, especidly during special events and inclement
weather, do require extra amenities. ldeally, system operations
and maintenance functions, as well as facilities, should be close to
each other to facilitate coordination.

System Architecture: A discussion of the overall system
architecture (i.e. central, distributed, or hybrid) should be
addressed.

Integration with Other Functions: Ideally, consideration should be
given to integrating a traffic control system with other systemsto
provide for data base exchange and other strategies so that the
entire metropolitan areais covered and coordinated.

System Components and Functions: Hardware components
needed to perform system functions such as, surveillance, control,
and coordination should be identified.
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(3)

(h)

(i)

()

(k)

Communication Subsystem Design Approach: Typicdly, the
communication portion of the system, because of the necessary
redundancy, represents a large portion of the system budget.
Grest care should be given to the subsystem design approach. An
economic analysis of the design approach, should be a key
consideration.

Traffic Operations Center Design Features. The design of a
control center is largely dependent upon the agency’s operating
philosophies (time of operation, special event operation, tour
accessbility; mediafacilities etc.) The size of the system will also
affect the design (As an example, agencies utilizing large numbers
of closed circuit televison (CCTV) will need more space for wall
monitors.)

Project Phasing/Scheduling: A formalized tracking system should
be used to manage the project. Many common methods utilize
critical path analysis. Depending upon the approach used, these
management tools don’t necessarily have to be developed during
the design phase but should be in place prior to any construction
scheduling.

Design Review: The system design is reviewed and the problems
and concerns are addressed and documented. (The system design
should be checked for consistency with the statewide and
metropolitan plans, if applicable.)

Procurement methods. An important element of the implementation plan

is the method used for procuring and implementing the system (23 CFR
172). Regardless of the method used, the implementation plan should
include the following procurement related items: (1)Method,
(2) Schedule, and (3)Funding. A brief description of common procurement
methods follows:

(@

(b)

Sole-Source - a single manufacturer’ s specifications are openly
used, or they serve as the basis for contract negotiations between
the owner and the supplier. The contract is then awarded without
competition. Sole-source contracts can be used in Federal-aid
projects, but only if there has been a finding that it is more cost-
effective than a competitive low-bid process. This method is most
common for system expansions.

Engineer/Contractor (turn-key) - an engineer prepares a single set
of contract documents (i.e., plans, specifications, and estimates
(PS&E) for the proposed system), the contract documents go
through the procurement channels, and the contract is awarded to
the lowest responsive bidder. The winning contractor is

2-63



Manual TABLE OF CONTENTS Module 2. TABLE OF CONTENTS

(©)

(d)

(€)

responsible for providing a complete and fully operationa system,
including furnishing and installing all hardware/software, system
integration efforts, and training and documentation. This method
isthe traditional low-bid process. However, there may be some
significant potential problems with this method as it relates to
traffic control systems. No single contractor may process the
necessary experience and qudificationsto perform al of the work;
administering multiple layers of subcontractors and suppliers is
difficult; and the prime contractor may not have sufficient
knowledge of some of the elements of a traffic control system to
select appropriate or qualified subcontractors.

Two-Step Engineer/Contractor - in the first step, the plans and
functiona specifications, aong with a Request for Proposals
(RFP), are submitted to contractors. The submitted proposals are
evaluated and the qualified proposals go to the second step. In
the second step, aformal request for bid isissued. From this point
on, the standard bid/award process of the engineer/contractor
approach is used.

Sysems Manager - instead of a single turn-key contract in which
al of the work is outlined, severa contracts for the various
subsystems are prepared. The agency’s norma procurement
process is utilized to obtain the equipment, but the systems
manager administers the contracts and is responsible for
integrating the various subsystems into an operating system.

Desgn/Build- this concept involves awarding a single contract to
provide for both the design and construction of a project. For
certain circumstances, design/build has the potential for improving
the contracting process by allowing contractors the maximum
flexibility in the selection of innovative designs, materials, and
construction techniques. Under current statutes and regulations,
the design/build concept is aviable option for Federal-aid highway
projects, as long as the following requirements are met:

1 The contracts are awarded following competitive bidding
procedures;
2 If a warranty requirement is included, the period of

coverage should only be sufficient in length (i.e, 1 -5
years) to allow defects in materials and workmanship to
become evident. Ordinary wear and tear, damage caused
by others, and routing service maintenance should remain
the responsibility of the State; and
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(4)

()

3 Federd-aid projects which provide for evaluation of either
the design/build or warranty concepts must be approved,
under Special Experimental Project No. 14 (SEP 14), by
FHWA Headquarters Office of Engineering (HNG-22),
prior to project approval.

Construction management procedures. Procedures which will be used for
the particular system should be specified in the implementation plan.
Construction management procedures provide the necessary framework
for coordinating construction and installation activities to ensure the
system is built in accordance with the contract documents.
Implementation plan construction management procedures that can be
addressed include, but are not limited to:

@ Divison of Responsbilities (identifying who isinvolved and their
associated responsibilities).

(b) Scheduling and establishing mileposts (developing a construction
schedule to keep track of system installation). This will aso
ensure a mechanism for monitoring progress, cost, and quality
assurance.

(c) Conflict Mitigation (developing a procedure or mechanism for
resolving contract disputes).

(d) Coordination with other projects (defining project’s relationship
with other projects).

System start-up plan. Integration is the “glue’ that binds components
together to form the system. Components are physicaly tied based on
interfaces defined by the system architecture and tests are performed to
verify and validate whether or not system requirements are met.
Verification of a component or subsystem determines if the components
or subsystems are interfaced as per design and are working properly.
Validation consists of ensuring (through acceptance tests) that all
interfaced components or subsystems meet system requirements.
Software coding and database development are also important elements
of thisphase. The start-up processistypicaly performed in alimited time
period immediady after system integration. A start-up plan is necessary
to document the vaidation process (software and system evaluation). An
implementation plan should include, but is not limited to, the following:

@ Software acceptance tests (responsibilities of those involved, test
procedures, equipment involved, test criteria, verification of
specific software features, methods to correct errors, etc.);
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(6)

(b) System acceptance tests (responsibilities of those involved, test
procedures, equipment involved, test criteria, verification that
system performs required functions, methods to correct errors,
final acceptance, etc.);

(c) Partid acceptance (provisions for accepting a partially completed
system);

(d) Documentation (detailed documentation pertaining to hardware
and software should be discussed as well as references to
operating manuals for the system);

(e Transition from old to new control (procedures for transitioning
from a previoudy functioning system to a system with new
features and functions);

H Operationa support and warranty period (provisions for initia or
continuing operational support and a system warranty period).
Federa regulations on guaranty and warranty clauses are defined
in 23 CFR 635.413;

(9) Training (provided to system operators and maintenance
technicians prior to system acceptance);

(h) Coordination with the media is very important and should be
included in the system start-up plan. Public support is critical to
the success and ongoing operations of the system.

Operations and maintenance plan. Traffic control systems require active
management to be effective, including periodic reassessment of the control
srategies used. In order to have a system that is operated and maintained
properly, there must be a staff and budget commitment by the operating
agency. The resources required to effectively operate and maintain a
traffic control system may represent a significant continuing investment,
particularly if the agency responsible for the system is relatively small or
isimplementing atraffic control system for the first time. The process of
defining system operations and maintenance activities during the
preparation of the implementation plan can expose these issues and allow
time for their resolution prior to system implementation. The operations
and maintenance plan may include a section for evaluation and applicable
maintenance policies:

@ Evduation. Federd-ad highway funds may be used for evaluation
activities (23 CFR 655.403 (c) (Systems Start-Up); (23
U.S.C.307 (¢) (1) (e) (State Planning and Research); 23 U.S.C.
133 (b)(6) (Surface Transportation Program); and 23 U.S.C. 103
() (8) (Nationa Highway System). A comprehensive evaluation
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(b)

of atraffic control system determinesif the system meets the goals
and objectives established for it. A forma evauation is
recommended at appropriate stages. The evaluation should be
completed as soon after the implementation of the system as
possible, after traffic patterns have stabilized. Regular system re-
evaluating should subsequently be planned every few years and
should be executed by the operations and maintenance personnel.
Key evaluation issues to be described in the implementation plan
include:

1 The system evaluator (Preferably, this should be an
independent third party, not the system installer.) The
system evaluator should be selected prior to the
implementation of the system in order to properly perform
the evaluation.

N

The method of evaluation (This should aso include time
period for evaluation.)

3 The cost of evaluation.

Maintenance Plans. Development of maintenance plans cannot be
performed by designers alone. Maintenance persons must be
consulted. In addition, a system may require a higher and more
responsive degree of maintenance than an agency may be
accustomed to. Some agencies may choose to use contract
maintenance as opposed to in-house staff. Whatever method of
maintenance is sdlected, the following implementation plan issues
will help the operating agency to determine the necessary
maintenance resources (budget and staff) :

1 Maintenance policies for preventative maintenance, system
malfunctions (response times), etc. There should be a
documentation of the policies, possibly as an attachment.

N

Forma maintenance management programs (software and
hardware agreements with the developers). There should
be a documentation of the programs, possibly as an
attachment.

(o8}

Initia inventory of spare parts and all necessary test
equipment.

(5N

Training in providing limited maintenance to software and
equipment.
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(7)

(8)

Institutional _arrangements. Nearly al projects involve numerous
organizations and multiple levels of government, dl of which approach the
project from various perspectives. However, the institutional aspects of
a system are likely to be even more complex because of the additional
governmental entities and organizations (e.g., FHWA, regiona
organizations, State and loca governments, traffic engineering
departments, MPOs, fire, police, transit, private sector groups, media
utility companies, etc.) which are typically involved. The complex mix of
governmenta and private sector interests has the potential for difficulties:
overlapping responsbilities, lack of understanding, and conflicting
prioritiesand policies. To avoid these problems, it isimportant that close
coordination be established during the early stages of planning. Thiswill
permit the various agencies to develop a better understanding of the
system dternatives and the recommended system’ s features and functions;
to identify overlapping responsibilities and determine which agency will
take the lead in various areas, and to work harmoniously so that each
agency can better fulfill its role. Developing a good, early working
relationship with each involved organization and then maintaining this
cooperation throughout the system process will help ensure that the
system effectively meets the needs and expectations of each agency. An
implementation plan should include, but is not limited to, the following
institutional arrangement issues:

@ A contact person/object liaison within each organization should be
identified.

(b) Delineation of organizationa responsbilities and the lead
organization for the various elements of the system.

(c) Provisions for periodic project updates to be given to upper
management to keep them informed.

(d) Utility arrangements.

(e) Written cooperative agreements for: personnel-sharing, cost-
sharing, metering, traffic diversion, etc.

) Consideration should be given to the formation of an “Advisory
Committee’ which will meet to discuss and resolve system issues
and to acquaint participants with the overal project goals,
schedule, and work plan. All agencies involved in the project
should be represented on this committee and should be involved
throughout the entire project.

Personnel and budget resources. Staffing for operations and maintenance

of systems is afunction of system complexity, hours of operation, and
activities supported by the system. Ideally, staffing responsibility for
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operating and maintaining the system should be integrated into the
operating agency’ s existing organizational structure. It is understood that
institutional agreements may need to be developed for personnel/cost-
sharing purposes. The following personnel and budget items, as a
minimum, should be addressed:

(@

(b)

(©)
(d)
(€)

(f)

(9)

Staffing plan (listing of the job functions supported by the system
and the number of persons who fulfill those functions).

If shiftsare to be used, the number of persons and their functions
per shift.

Contract operations staff agreement (if used).
Provisions for training new staff on the system.

Sources of budgetary resources, including Federal, and their
committed contributions.

Estimates of annual expenses by category (operations,
maintenance)

The last page should have a section for the signatures of the head
of the operating agency, head of the State highway agency, and
FHWA Divison Administrator or their designates. This
concurrence ensures that the necessary agencies are committed to
the implementation plan.
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